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ABSTRACT 
Both single and polycrystalline specimens of aluminium (Al) have 
been fatigued at a range of total strain amplitudes, both with and 
without prior surface indentation. Specimen surfaces have been 
studied by optical microscopy and scanning electron microscopy (SEM) 
for the formation of fatigue slip bands. Transmission electron 
microscopy (TBM) has been used to study the dislocation 
configurations resulting from fatigue and indentation. It is shown 
that close to unannealed indentations either a stable cell structure 
is formed or a very dense quasi-homogeneous dislocation 
distribution; PSBs do not form in these regions during fatigue in 
the range of amplitudes investigated. PSBs are formed in regions of 
moderate dislocation density which are found near annealed 
indentations, and at larger distances from both annealed and 
unannealed indentations. 
In addition to room temperature studies of Al, the dislocation 
configurations produced by fatigue at 77 K have been studied by TEN. 
The observed configurations after low strain amplitude fatigue at 
low temperature show considerable similarity to those found in other 
f. c. c. metals, such as copper (Cu) and nickel (Ni), after room 
temperature low amplitude fatigue. These configurations are quite 
different from those observed in Al after room temperature fatigue. 
A type of lattice dislocation configuration has been observed for 
the first time in Al fatigued at 77 K, and this can be related to 
multiple slip. 
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CHAPTER 1 
INTRODUCTION 
Earlier work on pure Cu (White, 1984; Charsley and White, 1987) has 
shown that localized surface damage on annealed surfaces enhanced 
the formation of persistent slip bands (PSBs) during subsequent 
fatigue. This suggests that fatigue properties are considerably 
degraded by such damage, and mechanical failure by fatigue remains a 
major problem in many industrial situations. In the work on Cu, 
surface damage was introduced by indentation. It was shown that 
internal long range stresses were a contributory factor but that 
microstructural effects were also important; in particular plastic 
deformation on specific slip systems led to early PSB formation. 
However, transmission electron microscopy (TEM) studies were not 
undertaken in the work on Cu, hence the suggestions remained 
tentative. 
The work described in this thesis is an extension of the earlier 
work on Cu to aluminium. Fatigue failure in commercial aluminium 
materials is of considerable importance, for example, in aircraft 
the main structural materials are Al alloys which are suceptible to 
corrosion pitting as well as mechanical damage. A degradation of 
fatigue properties that can be traced to these causes is well 
documented (Weston and Wilson, 1981). The aim of the work described 
here is to study the effect of the surface damage produced by 
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indentations on fatigue performance of Al and to use TEM, in 
addition to surface observations, to elucidate the mechanisms 
involved. The work has concentrated on pure Al, both polycrystalline 
and monocrystalline, in order to provide a basic understanding of 
both fatigue and indentation mechanisms. 
The literature on the fatigue microstructures in Al is not detailed 
and dates back to 1971 and earlier. The considerable advances made 
since that date based on studies of fatigued Cu have not therefore 
been applied to Al. The dislocation microstructures around 
indentations in Al have, similarly, been neglected. The present work 
has sought to investigate these areas and the results are presented 
here. 
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CHAPTER 2 
FATIGUE IN F. C. C. MATERIALS 
2.1: Introduction 
The study of metal fatigue is important because of the technological 
significance of fatigue damage which arises from cyclic deformation. 
Cyclic straining can result in the formation of cracks in materials 
which are initially perfectly free from cracks. This event is the 
final stage in a complex sequence of events. The fatigue process may 
be divided into two main regimes (Mughrabi, 1985): the early stages 
of cyclic deformation, which are associated with microstructural 
changes in the bulk extend up to some form of cyclic strain 
localization; this leads to different types of fatigue damage; 
strain localization, crack initiation and propagation. 
The most detailed fatigue studies have been concerned with copper, 
therefore reference will first be made to studies of this material, 
with observations made on other materials presented subsequently. 
2.2: Persistent Slip Bands and Other Surface Deformation Markings 
2.2.1: Initial Observations of Persistent Slip Bands 
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During the fatigue of annealed polycrystalline copper specimens, it 
was found by Thompson, Wadsworth and Louat (1956) that periodic 
surface removal by electropolishing could apparently indefinitely 
extend the specimen life. It was also observed that regions existed 
where the specimen had undergone "some modification of the surface 
which (caused) them to react differently to the electropolishing 
conditions". Such regions were able to withstand a short 
electropolish which was sufficient to remove normal slip bands, thus 
these regions were termed persistent slip bands (or PSBs). The PSBs 
were marked by severe rumpling of the specimen surface and by 
intrusions and extrusions. 
PSBs were found to be reluctant to propagate across grain 
boundaries, with each surface grain acquiring its own set of bands. 
It was suggested by Thompson et al (1956) that PSBs might be regions 
where there was an enhanced oxygen concentration. However it was 
evident that such bands had their origins in, and were associated 
with, regions where there was higher than average strain amplitude. 
PSBs were found to spread slowly across the specimen surface as the 
fatigue test continued. This was accompanied by a steady increase in 
the area of the stress-strain loop. The response of a material to 
cyclic deformation at a constant stress amplitude may be 
characterised by continuously monitoring the plastic strain 
amplitude. During the initial phase of constant stress amplitude 
deformation of annealed crystals rapid cycling hardening occurs, 
giving rise to a decrease in the plastic strain amplitude 
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(accompanied by a decrease in the stress-strain loop width). In many 
cases an extended regime of cyclic saturation then follows, in which 
the plastic strain amplitude assumes a steady state value for 
constant stress amplitude. Thompson et al (1956) found the spreading 
of PSBs across the surface of polycrystalline specimens to be 
accompanied by a steady increase in the area of the stress-strain 
loop. 
2.2.2: Two-Phase Model for PSBs 
The fractional coverage of the surface of a specimen by PSBs is 
found to be linearly related to the plastic strain amplitude in the 
stable state. According to Winters two-phase model (Winter, 1974), 
the specimen may be considered to be a composite material consisting 
of a soft phase, the PSBs, which are fatigued at an amplitude 
Ypl, 
psb, and a harder phase, the matrix, which 
is fatigued at a much 
lower strain amplitude (Ypl, m). The volume fraction, f, of PSBs 
varies according to the plastic strain amplitude of the test as 
given by the following law of mixtures; 
>'pl = Ypl, psb . fpsb + 
Yp1, m (1-fpsb) 
The most detailed work concerned with the characterisation of the 
cyclic stress-strain curve has been on copper. Consequently the 
features of this curve will initially be discussed with reference to 
copper crystals, prior to the presentation results available for 
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other f. c. c. materials. Mughrabi (1978) investigated the fatigue of 
Cu single crystals and found that below a shear strain amplitude of 
ypl of 6x 10-5, the saturation resolved shear stress, Ts, increases 
with increasing pl (see Fig. 2.1, region A). At Pl =6x 10-5 the 
first discrete PSBs form in the cyclically hardened matrix. Above 
ypl =6x 10-5 the volume fraction of PSBs increases approximately 
linearly with ypl, with PSBs occupying the whole of the gauge length 
at ypl = 7.5 x 10-3 (see Fig 2.1, region B). Throughout this plateau 
region, the saturation stress (TS z 28 MPa) remains approximately 
constant, and corresponds to the stress required for localized 
deformation in the relatively soft PSBs which are strained in series 
with the matrix (see above equation). Above YpI = 7.5 x 10-3, Ts 
again increases with Ypl (see Fig. 2.1, region C). 
In nickel single crystals oriented for single slip Blochwitz and 
Veit (1982) found that PSBs do not form below a plastic strain 
amplitude value of ypl = 6.5 x 10-5. The cyclic stress-strain curve 
presented showed that the plateau region extended from Ypl = 6.5 x 
10-5 to > 10-3, and throughout this region the saturation shear 
stress has a constant value of 50 MPa. Results were not presented 
for region C of the cyclic stress-strain curve. 
2.2.3: Properties of PSBs 
Fatigue of single crystals at constant strain amplitude results in 
the initial formation of PSBs as the stress amplitude approaches 
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saturation, followed by rapid propagation (Roberts, 1969). The PSB 
structure soon stabilizes and in this state the coverage of the 
surface by PSBs may be much less than unity. Even if the fatigue 
test is continued to failure PSBs do not propagate to cover the 
entire specimen, unless the strain amplitude is high enough. 
It appears that once PSBs are formed, most remain active until the 
end of fatigue testing, at which point due to macroscopic crack 
propagation the stress amplitude falls. This point is illustrated by 
the observation by Mughrabi (1978) that at a plastic strain 
amplitude of 3x 10-3 the formation of PSBs on the surface is 
essentially completed within -5x 103 cycles at a surface coverage 
of about 40%. Furthermore, results obtained by Winter et al (1981) 
showed that the surface coverage of PSBs on a crystal fatigued to 
failure (2 x 105 cycles) was measured as 37%, whilst in a second 
crystal which was fatigued for 1.2 x 105 cycles, repolished to 
remove PSBs, and fatigued to failure (total number of cycles = 3.3 x 
105), the surface coverage was 36%. 
The point that individual PSBs remain active is illustrated by their 
removal from the specimen surface by a deep electropolish, and their 
reappearance on re-testing (Watt, 1969). It has also been found that 
the new PSB structure corresponds to the old apart from the finest 
detail for both polycrystalline and single copper crystals 
(Rasmussen, 1980; Winter 1974). 
It should however be noted that although the PSB pattern does not 
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apppear to change drastically throughout fatigue, most PSBs do not 
remain continuously active and the sites of current activity are 
found to shift. Basinski et al (1983) carried out in situ optical 
microscopy of the surface of crystals repolished after fatiguing 
well into saturation. It was found that on resuming the test the 
activity was confined to sharp narrow lines which were located 
predominantly but not exclusively near the borders of original wide 
bands, except for the continued operation of very narrow PSBs in the 
matrix. The inner band was found to be almost inactive with only a 
low level of uniform deformation. SEM investigations by Basinski and 
Basinski (1985 a) confirmed that active areas found at the begining 
of saturation usually ended up deep within wide PSBs due to the 
method of widening by addition of extrusions in the matrix at both 
PSB borders and merging of neighbouring bands. Observation of the 
development of the PSBs in a number of areas, showed that after 
initial rapid PSB growth, the addition of new extrusions then 
continued at a lesser rate until the observed PSB areas were filled 
up with extrusions, at which point it became apparently inactive 
apart from the appearance of fine secondary slip markings. These 
results are in agreement with the interferometric observations on 
PSB development on repolished copper single crystals, which were of 
single slip orientation, by Finney and Laird (1975). 
Thompson et al explained the beneficial effect of electropolishing 
on increasing fatigue life by suggesting that PSBs did not spread 
into interior grains. However, Winter et al (1981) suggest that the 
increase in the area of the stress-strain loop which accompanied 
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PSBs spreading would indicate that these might be spreading into the 
bulk of the specimen as well as across the surface. Furthermore, TEM 
studies of the dislocation structure in fatigued polycrystalline 
copper by Winter et al (1981), reveal structures characteristic of 
PSBs in the interior of the specimens. 
The observations by Basinski and Basinski (1985 a) of cracks located 
at narrow PSBs, isolated intrusions and inside PSBs, led to their 
suggestion that the beneficial effect of electropolishing at any 
stage of fatigue life is the removal of cracks which have 
accumulated, and thus the minimum of another life-span would be 
necessary to rebuild a similar array of cracks. 
In aluminium, King and Teer (1969) observed PSBs in crystals which 
had their stress axes at the centre of the stereographic triangle 
and in those near the [100] - [110] boundary. Stress axes near the 
[100] - [111] boundary were seen to result in the formation of PSBs 
on two sets of slip planes thus creating a "herring-bone" appearance. 
2.2.4: PSB Geometry 
Mughrabi and co-workers (1983) found that PSB profiles were net 
protruberances whose surfaces become progressively roughened as the 
fatigue test continues. Neumann (1983) found PSBs to consist 
entirely of extrusions, with adjacent sides of neighbouring 
extrusions forming notches whose vertices are never below the 
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original surface, and thus intrusions as such are not observed. 
Recent work by Basinski and Basinski (1985 a) on room temperature 
low amplitude (cpl =±2x 10-3 ) fatigue of copper single crystals 
with crystal axes [3211, showed PSBs to consist of intrusions and 
extrusions of comparable abundance, and with similar geometry. This 
is in agreement with the observations of Cotrell and Hull (1957) on 
polycrystalline copper. Basinski and Basinski (1985 a, b) examined 
by SEM replicas of the surfaces of crystals, prepared by 
electropolishing away from a coating of lacomit. The first features 
observed anywhere were invariably tips of replicated intrusions. 
With continued electropolishing bands of intrusions became apparent 
over the whole of the specimen, while a layer of crystal still 
remained, indicating that intrusions had indeed penetrated the bulk. 
In addition, the existence of intrusions was shown by the common 
observation of isolated intrusions which were unaccompanied by 
extrusions. Clearly, such structures could not be confused with 
notches between extrusions. 
It is suggested by Basinski and Basinski (1985 a) that Neumann's 
(1983) observation of PSBs which consist entirely of extrusions 
might be explained by the replicating technique used, in which the 
original surface reference level is removed and hence no distinction 
could be made between true intrusions and notches between 
extrusions. SEM observations by Charsley and Razzak (1987) give 
further support to the PSB observations of Basinski and Basinski. 
Thus available experimental evidence appears consistent with PSBs 
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consisting of both extrusions and intrusions. 
2.2.5: PSB Size 
At the onset of saturation extrusions and intrusions form in large 
numbers with a limiting height of approximately 4 /fin not exceeded by 
extrusions and most intrusions (Basinski and Basinski, 1984; 1985 a, 
b). However, a small number of intrusions are not found to be 
limited in this way. Such intrusions acquire rough surfaces, 
indicating that growth has occurred non-uniformly along their length 
and they advance into the crystal as a series of spearhead advances 
along an irregular front, with increasing cumulative plastic strain. 
2.2.6: Effect of Environment on PSBs 
Wang, Mughrabi, McGovern and Rapp (1984) examined the fatigue of 
copper crystals in high vacuum. Room temperature fatigue of single 
crystals oriented for single slip, at constant plastic resolved 
shear strain amplitude of 2x 10-3 in high vacuum, revealed a 
prolonged fatigue life although the cyclic deformation behaviour in 
vacuum and air were similar up to the number of cycles for failure 
in air (N - 105). No significant differences were observed with 
regard to the distribution and surface features of the matrix and 
PSBs. Fatigue in high vacuum up to 2-3 x 106 cycles, revealed that a 
secondary hardening stage occurred after - 106 cycles and the 
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surfaces were found to be almost completely covered with PSB traces. 
Wang et al (1984) inferred that old PSBs gradually harden during the 
process of secondary cyclic hardening by conversion of their 
dislocation structure into cell structures, and are continuously 
replaced by new PSBs which form out of the matrix until the specimen 
is filled with both old and new PSBs. The homogeneous surface 
coverage with PSBs after extensive fatigue in high vacuum occurs 
because of the prolonged fatigue life. 
2.2.7: Models to Describe PSB Geometry 
Early models of PSB surface profiles were based mainly on surface 
observations of extrusions and intrusions, these have been reviewed 
by Laird and Duquette (1972). More recently some models have been 
based on conclusions from TEM observations of dislocation behaviour 
of PSBs in bulk material. 
2.2.7 (i): Model Predictions 
Essmann, Gösele and Mughrabi (1981) and Brown et al (1981,1985; 
Antonopoulos, Brown and Winter, 1976) have each presented 
microstructural models for fatigue which make predictions about PSB 
surface geometry and crack initiation sites. These models are based 
on different dislocation mechanisms but both predict that the 
surface profile arises from two sources. The predicted PSB profile 
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has the following features: a PSB surface level raised above that of 
the adjacent matrix and superimposed on this protrusion is a 
statistical roughening attributable to microscopic slip events, 
which increases with increasing cumulative strain. Cracks nucleate 
predominantly at the PSB-matrix interface, initially at that 
interface where the primary plane externally makes an obtuse angle 
with the matrix surface and later also at the other interface. 
2.2.7 (ii): Model Descriptions 
Considering steady-state cyclic dislocation glide, as cyclic 
saturation is approached in a PSB, the dislocation arrangement is 
assumed by Essmann et al (1981) to consist essentially of two layers 
of PSB-matrix interface edge dislocations of opposite sign. In PSBs 
operating under single slip conditions, annihilation of edge 
dislocation dipoles is assumed to be a dominating source of point 
defect production. The atoms which belong to the extra half plane of 
the interface dislocations correspond in number to those atoms 
missing in vacancy-type defects present within the PSBs at 
saturation. Superficially the model described by Essmann et al 
appears similar to that described outlined by Brown et al, however 
the assumptions on which the latter is based are different. Brown et 
al assume a vacancy type dipole array derived from TEM studies. It 
is also assumed in the model described by Brown et al that the 
dislocation density in the PSB exceeds that in the matrix and 
continues to increase in saturation. Annhilation of edge 
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dislocations is not considered by Brown et al. Fig. 2.2 shows PSB 
formation due to the model by Brown et al, and the basic mechanisms 
of the model due to Essmann et al are illustrated in Figs. 2.3 a, b. 
Interface dislocations are assumed to be less stable in the model of 
Essmann et al than in that of Brown et al, and under the action of 
applied and internal stresses, the interface dislocations are driven 
out of the crystal rather quickly. This leads to the rapid formation 
of extrusions at both top faces. On the other hand, dislocations do 
not glide out in the model of Brown et al, thus no specific surface 
feature apart from roughness due to random slip is predicted. 
In the model of Brown et al, a residual tensile stress is predicted 
to prevail in the PSB in the direction of the active slip vector 
after fatigue (see Fig. 2.2). Essmann et al (1981) consider the 
applied stress to act additively to the stress arising from the 
dislocations at the PSB-matrix interface. The resulting stress tends 
to move interface dislocations towards the specimen surface. 
Consideration of the interface dislocation arrangement indicates an 
elastic compressive stress within the PSB in the direction of the 
active slip vector, and a tensile stress within the surrounding 
matrix. Residual stresses result in the favourable formation of PSBs 
next to existing ones. For this situation an optimum distance should 
exist between adjacent PSBs for which the elastic energy of the 
interface dislocations is minimized. Through the action of applied 
and internal stresses on the interface dislocations in PSBs stress 
concentrations are expected to form. 
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The order of magnitude of the elastic strain has been estimated by 
Antonopoulos et al from microscopic observations. Atoms which are 
missing from the vacancy dipole in the PSB appear as extrusions on 
the specimen surface. Since the extrusions are typically a few 
microns high for a specimen -1 cm in diameter, the order of 
magnitude of misfit strain is -. 10-4. Tensile stresses produced by 
elastic misfit are about 26 MN a f-2 for elastic strains of 2x 10-'4. 
As noted previously, in the model developed by Essmann et al it is 
assumed implicitly that in PSBs operating under single slip 
conditions the annihilation of edge dislocation dipoles is the 
dominating source of point defect production. After initial rapid 
extrusion growth two situations are thus distinguished; depending on 
the testing temperature the vacancy type defects can be swept up by 
or can migrate to dislocations in the walls, or can diffuse out of 
the PSBs continuously. In the latter case the possibility of void 
formation at the PSB-matrix interface has been noted. At low 
temperatures, e. g. for copper at 77 K, the extrusions should cease 
growing and their surfaces should roughen gradually due to the 
randomness of irreversible slip processes. Although the slip process 
would become less random once severe stress raisers or cracks have 
formed. Vacancy-type point defects are considered to be immobile at 
temperatures well below the resistivity recovery stages III and IV. 
With increasing temperature in the model developed by Essmann et al, 
some of the vacancy-type defects will become mobile and will diffuse 
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from the region of high vacancy concentration in the walls into the 
matrix. If their diffusivity is sufficiently high vacancies will 
reach sinks in the matrix, such as dislocations, before a high 
supersaturation of vacancies can be built up. This regime is termed 
the high mobility temperature regime and this model assumes the 
formation of a matrix and PSB structure, in which vacancies which 
are lost to the matrix will be replaced continuously by dipole 
annhilation processes in the PSB walls. Thus at intermediate 
temperatures, slow continuous growth of extrusions is predicted 
which can interfere with roughening. In very thin PSBs continuous 
extrusion growth over the whole thickness is predicted whereas in 
the thicker PSBs (> 1 Mm), continuous extrusion growth would occur 
only at thin ribbons of extrusions at the PSB-matrix interface (e. g. 
as has been observed experimentally for Cu fatigued at 293-403 K). 
These conditions are found to hold up to about 0.4 Tm (where Tm is 
the material melting point temperature). At higher temperatures 
dipoles become unstable due to dislocation climb and thus PSBs are 
no longer expected to form in Cu (Shirai and Weertman, 1983). 
2.2.8: Comparison Between Model Predictions and Experimental 
Observations 
Experimental results obtained by Basinski and Basinski (1985 a, b) 
on copper fatigued at room temperature, after 2.5 x 104 to 3.15 x 
105 cycles, may be compared with PSB model predictions. The 
predicted height of the PSB surface level above that of the adjacent 
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matrix calculated using the models by Mughrabi et al and Brown et al 
would be a maximum of 1 M. Basinski and Basinski (1985 a) 
experimentally observed PSBs to have an irregular sawtooth profile 
with individual extrusion and intrusion heights of up to 4 Ism. Thus 
Basinski and Basinski suggest that the height of the PSB surface 
level above that of the adjacent matrix would be difficult to 
detect, since this height is within the amplitude of the jagged 
profile. It should be noted that Basinski and Basinski often 
observed protrusions which were very much larger than those 
predicted by the theories, however they were not always found to be 
present for the strain amplitudes investigated which were in the 
range +1x 10-3 -2x 10-3. Stronger surface protrusions were 
evident for crystals fatigued at much lower strain amplitudes, 
however no detailed studies have been made. 
Due to the regularity of extrusions formed in fatigued copper 
Basinski and Basinki (1985 b) suggest that the characteristic 
extrusions and intrusions are a result of a systematic dislocation 
mechanism. Thus difficulty is experienced with regard to reconciling 
the the degree of regularity with the types of profiles generated 
using models based on random statistics. The development of PSB 
features is also found by Basinski and Basinski not to be compatible 
with a random walk model. Basinski and Basinski found that a given 
extrusion will appear and may grow for approximately 104 cycles to a 
limiting height and will then be unchanged by futher cycling with no 
progressive roughening of the extrusion being observed. 
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Finally, both models require cracks to occur at the PSB-matrix 
interface where the primary plane externally makes an obtuse angle 
with the matrix surface and subsequently at the other interface 
also. Basinski and Basinski (1985 b) found that although cracks did 
form at these locations there was no preference for one particulaar 
interface. In addition crack sites which were well within wide PSBs 
were observed. 
It is suggested by Mughrabi (1985) that model predictions are most 
specific for low temperature tests and for the first few thousand 
cycles of room temperature tests. Hence, Mughrabi suggests that low 
temperature SEM observations of fatigued aluminium and copper 
crystals (Mughrabi 1985) indicate support for the model predictions, 
whereas after a large number of cycles at room temperature the 
impression of a more complex system is conveyed. 
2.2.9: Development of Surface Deformation Markings other than PSBs 
During low amplitude fatigue testing of polycrystalline Al, King and 
Teer (1969) found that in grains other than those with their stress 
axes at the centre of the stereographic triangle, the surface 
features developed were rows of surface undulations or "rumpled" 
bands. A schematic diagram to illustrate rumpled bands is shown in 
Fig. 2.4. Such rumpled bands were found to develop much later during 
fatigue than persistent slip bands. 
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Arnell and Teer (1969) examined in detail the relationships between 
the type of surface structure developed, and the grain orientation 
for polycrystalline Al. For crystal orientations which had stress 
axes < 5' from [100] bands of cross-hatched rumples were observed. 
For orientations 5' to 10' from [100] the bands had an appearance 
intermediate between that of rumpled bands and persistent slip 
bands. As the stress axis moved from the centre of the stereographic 
triangle towards [111], the surface appearance of the PSBs became 
striated, whilst for axes - 5' from [111] the absence of bands was 
noted and the suface had a rumpled appearance. As the orientation of 
the stress axis moved close to [100] along the [100] - [110] 
boundary, a cross-hatched structure similar to that observed by 
Forsyth (1956) was observed. 
It is interesting to note that King and Teer (1969) did not observe 
regions exhibiting only rumpled bands in fatigued copper specimens, 
and no rumpling of any kind was seen in oo-brass. 
2.3: Fatigue Crack Initiation 
2.3.1: Crack Formation in Materials with PSBs 
In copper, Thompson, Wadsworth and Louat (1956) observed fatigue 
cracks to nucleate in regions of specimen surface which exhibited 
PSBs. Hunsche and Neumann (1986), Neumann (1983), Mughrabi et al 
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(1983) found that cracks appeared predominantly at PSB-matrix 
interfaces. Basinski and Basinski (1985 b) observed cracks to form 
anywhere in PSB material. Cracks were found both deep within wide 
bands and at the borders of such bands. The most frequently observed 
crack site was at very narrow PSBs, including cracks forming at 
isolated intrusions. 
It is suggested that the observed differences in apparent crack 
development lies in interpretation rather than in experimental data. 
The SEM micrographs of Mughrabi et al (1983) appear to be very 
similar to those presented by Basinski and Basinski (1985 a, b), 
however the former have based their observations on surface data 
only, whereas the latter have examined cross-sections which enable 
intrusions and extrusions to be distinguished. Basinski and Basinski 
(1985 b) suggest that surface studies are further restricted due to 
extrusion inclination to the crystal surface, which results in 
intrusion and crack sites being observed with certainty only at the 
PSB-matrix interface where extrusions make an obtuse angle with the 
matrix structure. 
In addition, some of the apparent disagreement may be of a semantic 
nature. Basinski and Basinski (1985 b), for example, use the term 
extrusion to refer to long ribbons of material which constitute the 
usual external PSB appearence when grouped together. Thus, Basinski 
and Basinski would term the features described as new smooth PSBs by 
Mughrabi et al as an isolated extrusion; whilst the increased 
roughness described by the latter in an old extrusion, would be 
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refered to as a PSB which contained many similar extrusions by 
Basinski and Basinski. Further, it is suggested by Mughrabi (1985) 
that the intrusions described by Basinski and Basinski are similar 
to the notch like grooves discussed by the former. 
Cracks have also been found to occur in regions which exhibit PSBs 
in aluminium (Arnell and Teer, 1969; King and Teer, 1969). The 
cracks which formed were observed to be parallel to the primary slip 
planes. 
In copper, close to failure there is a large population of cracks in 
the 50 - 100 Wn range, for the amplitude investigated by Basinski 
and Basinski (1985 b). On the basis of their data, Basinski and 
Basinski suggest that a reproducible fatigue life may be explained 
by the point that near to failure cracks are the result of steady 
continuous growth, and thus the fatigue life is a measure of how 
many cycles are required before the array of cracks reaches a 
configuration such that one or some of them could propagate 
catastrophically. 
2.3.2: Crack Initiation in Regions other than PSBs 
After low amplitude fatigue of polycrystalline Al, Arnell and Teer 
(1969) found that in grains which exhibited rows of rumpled bands, 
cracks initiated along the rows and were parallel to the primary 
slip planes. In the case of bands of intersecting rumples, the crack 
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was found to form perpendicular to the stress axis, with individual 
fracture segments meandering between the two rumple directions. 
2.3.3: Effect of Environment on Fatigue Cracks 
An additional important factor in the fatigue cracking process is 
the role of environment. For copper crystals oriented for single 
slip, stage I shear cracks also develop in high vacuum (Hunsche, 
1982; Mughrabi et al, 1983; Neumann, 1983; Wang, 1982; Wang and 
Mughrabi, 1984). For single crystals oriented for multiple slip and 
tested in high vacuum, no stage I fatigue cracks are observed 
(Neumann et al, 1977). From the work of Hunsche (1982) and Neumann 
(1983) it is found that in air local cumulative shear strains as 
high as several thousand are required for stage I cracks in 
"intrusions" (v-shaped notches between adjacent extrusions) to reach 
a length of -1 Mm. Local cumulative shear strains an order of 
magnitude larger are found to be necessary in vacuum. 
There is agreement between Hunsche, Mughrabi and Neumann that all 
features of PSB surface profiles which are relevant to crack 
initiation in fatigued copper crystals are found to be similar in 
air and vacuum for a given number of cycles (Hunsche, 1982; 
Mughrabi, 1985; Neumann, 1983). In addition, the local cumulative 
shear strains in the PSBs in air and in vacuuo are found to be of 
similar magnitude at the stage before a crack can be defined. Thus 
environmental effects may be considered negligible until a crack of 
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finite length can be defined. Subsequently the rate of growth of 
stage I fatigue cracks is reduced in vacuum, and this is seen to be 
a major factor contributing to enhancement of fatigue life by an 
order of magnitude compared to tests in air (Wang and Mughrabi, 
1984; Wang et al, 1984). 
2.4: Dislocation Structures in f. c. c. Metals 
2.4.1: Parameters Affecting Dislocation Structures Produced 
The type of dislocation structure developed during fatigue is 
dependent on the stress or strain amplitude used, the stacking fault 
energy (SFE) of the material and the testing temperature. Low stress 
fatigue tests are generally defined to be tests in which the fatigue 
life (Nf) is greater than 106 cycles, and high stress fatigue tests 
as those in which failure occurs in < 105 cycles. A diagram showing 
the types of dislocation structure observed with various SFE and Nf 
values is shown in Fig. 2.5. 
The most detailed work concerned with the development of fatigue 
dislocation structures has been on copper. Consequently, results 
obtained on this material will be considered prior to examination of 
structures produced in materials with higher and lower SFE. 
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2.4.2: Dislocation Structures in Medium SFE Materials 
An example of a material with a medium stacking fault energy is 
copper (SFE = 5.5 x 10-2 Jm-2; Gallagher, 1970). At low plastic 
strain amplitudes, most grains in polycrystalline material show a 
preference for single slip (Mughrabi and Wang, 1981). Dislocation 
arrangements similar to those found in Cu single crystals fatigued 
in the plastic strain range (A Epl), 10-5 <A Cpl <2x 10-2 form in 
polycrystals at much lower A Epl, in the range 10-5 <A Epl <2x 
10-3 (Mughrabi and Wang, 1981). At strain amplitudes A Cpl > 10-3 
the single slip characteristics of the majority of grains in 
polycrystalline material are lost and comparison should be made with 
single crystals in which multiple slip is occurring (Mughrabi and 
Wang, 1981). 
The microstructures which develop during room temperature fatigue at 
various strain amplitudes in polycrystalline Cu and Cu crystals of 
easy glide orientation have been investigated in depth (Laufer and 
Roberts, 1966; Lukas, Kiesnil and Krejci, 1968; Basinski, Basinski 
and Howie, 1969; Woods, 1973; Winter, Pedersen and Rasmussen, 1981; 
Mughrabi, 1981; Mughrabi and Wang, 1981; Ackermann, Kubin, Lepinoux 
and Mughrabi, 1984). PSBs are found to correspond to specific 
dislocation configurations consisting of parallel, narrow equally 
spaced dipolar (101) walls (ladder structure) after low amplitude 
fatigue (Antonopoulos and Winter, 1976; Winter et al, 1981; 
Ackermann et al, 1984). Fig. 2.6 shows a schematic diagram of the 
PSB dislocation structure. The spacing between the walls in this PSB 
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structure is found to be - 1.4 Iim (in polycrystals and single 
crystals). Between the PSBs there is another less well ordered 
structure (matrix) containing a dense array of primary dislocation 
dipoles pierced by irregular winding channels of relatively 
undislocated material, which have a characteristic width of - 0.8 inn 
(Winter et al, 1981). The dislocation structure of PSBs is observed 
in the interior of both single crystal and polycrystalline Cu after 
fatigue (Winter 1973; Winter et al, 1981). The majority of 
dislocations in PSB and matrix structure in Cu single crystals 
oriented for single slip were found to be primary dislocations of b 
= 34[101], although dislocations of all six possible Burgers vectors 
of 34<110> type have been found (Woods, 1973; Lukas, Klesnil and 
Krejci, 1968). In the dislocation walls, the density of edge 
dislocation dipoles which have the primary Burgers vector is 
estimated to be in excess of 1012 cnm 2. The density of secondary 
dislocations mixed with these primary dislocations is about 2x 1010 
cm -2 (to within a factor of two). The secondary dislocations are 
found to be mainly those co-planar with primary dislocations. In the 
regions between the walls, there is a primary screw dislocation 
density of about 1x 109 cm-2. Estimates of the densities of 
non-primary dislocations between the walls are; 5x 108 for b= 
3i[101], 34[110], and 3i[110] and 3i[011], whilst for b= )f[011] the 
density is estimated to be 3x 108 (estimates accurate to within a 
factor of two). 
At stress amplitudes above the plateau region on the cyclic 
stress-strain curve (Mughrabi 1978), in addition to those structures 
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found at low amplitudes, misoriented cells and two-dimensional <100> 
wall structure (termed as labyrinth by Charsley, 1981) with a wall 
spacing of 0.75 /An are found in polycrystalline copper (Winter et 
al, 1981). Such misoriented cells are also observed in single Cu 
crystals (Woods, 1973; Jin and Winter, 1984 a). Labyrinth structure 
has recently been observed in single slip oriented Cu crystals after 
fatigue at a plastic shear strain amplitude of 2x 10-3 (Ackermann 
et al, 1984) and in fatigued [001] Cu single crystals (Jin and 
Winter, 1984 b) with respective wall spacings of 0.75 Mm and 0.52 an. 
After fatigue at low strain amplitude for a large number of cycles, 
the dislocation structure in Cu consists of a misoriented cell 
structure (Krejci and Lukäs, 1971; Finney and Laird, 1975; 
Kuhlmann-Wilsdorf and Laird, 1980; Ackermann et al, 1984). 
2.4.3: Dislocation Structures in Very Low SFE Materials 
In materials with very low stacking fault energy e. g. Cu-31wt% Zn 
(SFE =6x 10-3 Jm 2; Swann, 1963) dislocations are arranged in 
planar arrays at both high and low stress amplitudes (Lukäs and 
Kiesnil, 1970,1971). No specific dislocation configuration under 
surface slip markings (PSBs) is observed and the only difference 
between foils prepared from the surface and those prepared from 
greater depth is that the density of dislocations in the latter case 
is found to be higher. 
27 
2.4.4: Dislocation Structures in Low SFE Materials 
In Cu-15wt% Zn, which has a low stacking fault energy (SFE = 1.2 x 
10-2 Jm-2; Swann, 1963), coarse surface slip bands (PSBs) are always 
connected with ladder type dislocation structures surrounded by 
dislocation tangles, whilst in the interior a vein structure is 
found, after low stress amplitude fatigue. After fatigue at higher 
stress amplitudes, a cell structure is found in both interior and 
surface regions (Luki and Kiesnil, 1970,1971). 
A further example of a material with low stacking fault energy is 
Cu-16at. % Al. The dislocation structure produced by fatigue in this 
material has been examined by Laird et al (1986). After low 
amplitude fatigue the dislocation structure is found to consist of a 
two dimensional slab of dislocations separated by regions which are 
lightly populated by dislocations. At higher amplitudes, Ypl = 10-3 
-3x 10-3, typically PSBs consist of a dense slab of primary 
dislocations of several micometers thickness, which are stepped with 
respect to contiguous planes; together with secondary dislocations, 
which have slipped on planes other than the primary slip plane, 
which intersect groups of primary dislocations. The volume fraction 
of these bands increases and secondary slip becomes more complex 
with increasing amplitude. Feltner and Laird (1967) have found that 
at very high amplitudes the bands exist on more than one set of slip 
planes. 
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2.4.5: Dislocation Structures in High SFE Materials 
In materials which have a high stacking fault energy such as Al (SFE 
= 0.2 Jm-2) and Ni (SFE = 0.25 Jm 2), preliminary observations by 
Krejci and Lukäs (1971) revealed bands of dislocations in the 
interior of specimens after low amplitude fatigue of polycrystalline 
material, similar to those observed in polycrystalline Cu. In the 
surface layer of specimens, cell structures were found to be limited 
to areas near surface slip markings, whilst bands of dislocations 
were observed in areas in which no slip bands were apparent. In 
deeper regions of Ni specimens a ladder type structure (similar to 
PSBs in Cu) was found, however such structures were not observed in 
Al. 
Due to the considerable differences in the observed dislocation 
structures produced in these materials, the additional results of 
fatigue studies on these two materials will be reported separately. 
2.4.5 (i): Dislocation Structures in Ni 
Detailed work by Mecke and Blochwitz (1982) and Mecke et al (1982) 
on fatigue of 99.99% Ni single crystals both confirms and expands on 
the early observations of Krejci and Lukäs (1971). A vein-type 
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matrix structure is formed in crystals of single slip orientation 
(specimen axis [149]) after fatigue at low amplitude (total strain 
amplitude =+0.5 x 10-3). A second type of matrix structure is 
observed (Mecke and Blochwitz, 1982) with increasing strain 
amplitude (± 2.6 x 10-3). This structure consists of edge 
dislocation walls regularly arranged at an angle of - 45' and 135' 
respectively to the primary slip direction, and builds up a 
"parquet-like" structure. Fatigue at higher strain amplitudes is 
found to lead to the formation of PSBs which differ significantly 
from the surrounding matrix structure by their typical ladder-type 
structure. From investigations of [121] planes (Mecke, Blochwitz and 
Kremling, 1982), ladder rungs were found to lie along the [111] 
direction with a spacing of 1.3 + 0.1 Ion, and the ladders were found 
to be aligned along the primary slip direction [101]. The dense 
regions in the matrix type structure are found to occupy - 50% of 
the volume, whereas dense regions in the ladder walls occupy only 
10% (Mecke and Blochwitz, 1982). It was confirmed that a 
cylinder-like cell structure was observed in Ni after fatiguing 
specimens for a greater number of cycles, as is found in copper. 
In crystals with a stress axis [001], at low amplitudes the spatial 
distribution of the vein-like structure consists of volume fractions 
with different dislocation densities. The following types of 
dislocation structure were identified by Mecke and Blochwitz (1982): 
loosely packed bundles of dislocations along a <110> direction; 
regions filled with dislocations in a random distribution; regions 
which appear relatively free of dislocations. With fatigue at 
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increased strain amplitude, the spatial distribution was found to 
consist of condensed and uncondensed labyrinth type walls. The 
condensed labyrinth structure consists of <100> walls which are much 
narrower than the low dislocation density channels between them, 
whereas the uncondensed labyrinth structure consists of <100> walls 
which are comparable with (or greater than) the width of the 
channels. Screw dislocations from two slip systems were clearly 
apparent in the dislocation poor regions. 
2.4.5 (ii): Dislocation Structures in Al 
The work of Mitchell and Teer (1970) which examined the low strain 
amplitude fatigue (Nf = 107 cycles) of Al single crystals of single 
slip orientation with stress axes [123], expanded on their earlier 
work (Mitchell and Teer, 1969 b). At early stages of fatigue (102 to 
2x 103 cycles), many regions were almost devoid of dislocation 
structure, whilst in other regions the characteristic structure was 
composed of irregular bands of tangled dislocations together with a 
few dipoles. This structure was found beneath both PSB and matrix 
features. Similar observations of dislocation tangles and loops 
after low amplitude fatigue of polycrystalline Al have been made by 
Grosskreutz (1963), Grosakreutz and Waldow (1963), Segall and 
Partridge (1959) and Wilson and Forsyth (1959). 
At intermediate stages of fatigue of single crystals (4 x 103 to 2x 
105 cycles), and after low amplitude fatigue of polycrystalline Al 
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(Grosskreutz and Waldow 1963), matrix structure similar in 
appearance to that found in Cu and Ni has been observed. In single 
crystals this structure has been found to consist of clusters of 
dislocations containing a high proportion of dipoles and bands of 
tangled dislocations containing only a few dipoles, which are 
aligned almost vertically in the foil following the general 
direction of the critical slip plane. Channels cutting through the 
matrix structure were found by Mitchell and Teer (1970) to 
correspond to PSB markings, and dislocations were present here 
either as small loops distributed evenly throughout the channel or 
in 0.25 Wn wide bands of tangled dislocations which crossed the 
channels. These bands were frequently extensions of bands of 
dislocations present in the matrix. Burgers vector analysis by 
Mitchell and Teer (1970) indicated that the clusters contained a 
high proportion of dislocations with b= Y*[l10], with all other 
types except Yf[110] (which was very rare) present in about equal 
numbers. Almost all of the dislocation loops in regions 
corresponding to PSB markings were of the three dislocation types 
common to the primary plane. In the boundaries crossing the channels 
dislocations were mainly of the three types common to the primary 
plane with appreciable numbers of dislocations with b= H[011] and 
6[101] also evident. 
At a late stage of fatigue of single crystals, a cell dislocation 
structure, which was general throughout the crystal, was 
characteristic of both matrix and PSB (Mitchell and Teer, 1970). In 
the cell boundaries dislocations with all six Burgers vectors were 
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found, although the type Yf[110] was much less common. Cell 
structures are also observed in polycrystalline Al (Segall and 
Partridge, 1959; Grosskreutz, 1963). It has been found that after 
low amplitude fatigue (et =+2x 10-3) both equiaxed and elongated 
cells with cell walls approximately parallel to (010), (110), (111), 
(111) and (111) are apparent in favourably oriented grains 
(Grosskreutz, 1963). Varying the strain amplitude in the range +1x 
10-3 to +5x 10-4 was found to result in slower cell formation with 
a greater number of dislocation loops at the lower amplitude. 
The investigations of Mitchell and Teer (1970) have revealed that 
similar dislocation structures are developed in surface and interior 
foils. As outlined above, in polycrystalline Al similar structures 
to those observed in single crystals are found, although it should 
be noted that the substructure developed after a given number of 
cycles was found to vary from grain to grain depending on the 
orientation for the polycrystalline material. 
In addition to the types of dislocation structures described above, 
work by Wilson and Forsyth (1958-59) on room temperature fatigue of 
super purity Al in reverse plane bending, showed that some regions 
exhibited a "chevron" pattern dislocation structure after 2x 107 
cycles. This chevron type structure is similar in appearance to the 
labyrinth structure observed in copper, however Wilson and Forsyth 
do not specify the orientation of the dislocation walls or the 
extent of the structure observed in aluminium. Three main stages in 
the evolution of the dislocation structure have therefore been 
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suggested by Wilson and Forsyth (1959): (a) the production of a 
general dislocation distribution throughout a grain, as a result of 
the generation and interaction of dislocations; (b) the development 
of dislocation clusters which have a high density of dislocation 
lines and loops within grains; (c) a recovery process in which a 
well defined substructure is produced due to annihilation of 
dislocations. 
2.4.6: Effect of Temperature on the Dislocation Structures Produced 
Basinski, Korbel and Basinski (1980) examined the push-pull fatigue 
of copper crystals oriented for single glide at 77.4 K and 4.2 K. 
Attempts to reduce temperature ageing effects were not reported. At 
each temperature the crystal substructure was found to consist of 
two types of region, PSBs and matrix. The appearance of the observed 
microstructure was characteristic of structures produced after room 
temperature fatigue, but the scale of the structures differed with 
the test temperature. The observed ladder spacings in the PSBs were, 
for example, found to decrease sharply with test temperature to 0.7 
+ 0.05 Mn and 0.45 + 0.03 !. m at 77.4 K and 4.2 K respectively 
compared with the value of 1.4 + 0.1 Jim at 300 K. 
Observations by Mughrabi (1986) of copper fatigued at 77 K which has 
then been aged at room temperature prior to TEM examination, 
indicate the occurrence of recovery of the dislocation structure. 
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Dislocation debris in annealed 99.99% polycrystalline Al fatigued in 
reverse plane bending at 78 K was examined by Feltner (1963). For 
low strain amplitudes, (± 5x 10-5 for 2x 105 cycles), 90% of the 
dislocation structure was found to be composed of elongated 
dislocation loops, with a density of - 1015 loops cm 3. The loops 
were found to be almost homogeneously distributed, with their long 
dimension lying along the projection of a single <112> direction. At 
higher strain amplitudes, (+ 2x 10-3 for 4x 104 cycles), 
dislocation debris consisted mainly of elongated dislocation loops, 
with densities of the order of 1016 loops cm-3, which were found to 
aggregate into a cellular arrangement with an average cell size of 4 
dom. Such aggregation into cell walls occurs only when loops parallel 
to two or more <112> directions are present. It should be noted that 
attempts to reduce ageing effects following low temperature fatigue 
do not appear to have been made. 
2.4.7: Effect of Environment on Dislocation Structures 
Fatigue of Cu single crystals, which were oriented for single slip, 
in high vacuum up to 105 cycles, (the number of cycles to fatigue 
failure in air), was not found to produce any significant 
differences in the dislocation structures of the matrix or PSBs as 
compared with fatigue in air (Wang et al, 1984). On continued 
fatigue in high vacuum, (up to 2-3 x 106 cycles), the dislocation 
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structures produced were found to consist almost entirely of 
misoriented cells, which were arranged in slabs parallel to the 
primary glide plane. The formation of this structure is attributed 
to the extended fatigue life in vacuum. 
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CHAPTER 3 
INDENTATION EFFECTS ON FATIGUE 
3.1: Introduction 
The formation of persistent slip bands near regions of surface 
damage (Vickers microhardness indentations) has been examined by 
Charsley et al (1981), White (1984), and Charsley and White (1985, 
1987). Such studies are important because in engineering situations 
the fatigue failure of components may be significantly affected by 
surface imperfections. The object of the work by Charsley and White 
has been to assess the effects of damage under simple laboratory 
conditions. In order to study the effects of indentation on fatigue 
it was necessary to examine a material which had already been 
extensively studied, for this reason the room temperature fatigue of 
pure copper was chosen. 
3.2: Factors Affecting PSB Initiation and Development 
3.2.1: General Observations 
Indented copper single crystals fatigued by White (1984) were 
initially hardened at a low strain amplitude before cycling at a 
final amplitude of either Et =8x 10-4 (crystal orientations with 
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the tension-compression axis, to, 12' from [011] or [111] and 20' 
from [111]) or Et =9x 10-4 (crystal orientations with to 17' or 
20' from [001] and 14' from [111], see Fig. 3.1). It was found that 
after <1x 104 cycles of fatigue a distribution of PSBs developed 
near the indentations, however no bands were observed in the regions 
between them even after large numbers of cycles (> 7x 105). It was 
found that the distribution of PSBs was dependent on the crystal 
orientation, but the orientation of the indentation (S or D type, 
corresponding to the indentation side or diagonal respectively being 
parallel to to, see Figs. 4.3 a, b) did not greatly affect the 
distribution of PSBs. For unannealed indentations it was found that 
no PSBs initiated at the pit edge nor within the indentation pit. 
Two types of PSB could be distinguished; short bands which became 
more pronounced but which did not lengthen with continued cycling, 
and long bands which continued to extend over a large number of 
cycles. Electropolishing of PSBs revealed that the propagating bands 
extended much more deeply into the material than the short bands. It 
was also found that the rate of growth of these propagating bands 
decreased with increasing cycle number. 
3.2.2: Effect of Crystal Orientation 
For all crystal orientations with to 12' from (011] and 12' or 20' 
from [111], White, (1984), observed that the first PSBs nucleated 
between 2x 103 and 8x 103 cycles. For orientations with to 20' 
from [001], PSBs were not observed until 2x 104 cycles. The 
formation of short PSBs was found to depend on the crystal 
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orientation, and these were observed mainly on crystals with to 12' 
from [011] and 17' from [001], although propagating PSBs occurred 
near indentations in all crystal orientations tested by White. The 
rate of propagation of PSBs was found to vary with crystal 
orientation. 
3.2.3: Effect of Indentation Size 
In one case, White (1984) examined the effect of indentation size on 
PSB formation by comparing a standard size indentation with one 
three times larger. A similar pattern of propagating PSBs and groups 
of very short bands were found to develop in both cases. The most 
significant size effect difference noted was that the larger 
indentation resulted in the earlier formation of PSBs, which 
occurred after 6x 103 cycles compared with 9x 103 cycles for the 
smaller indentation. Also the propagating PSBs were found to reach a 
greater length near the larger indentation. 
3.2.4: Effect of Polishing-back and Annealing Indentations 
In general the PSB distributions near indentations which had a 
reduced depth (3 /. M), due to electropolishing after indentation, in 
crystals with to 12' from [011], were similar to those which were 
polished back only lightly (10 Lm indentation depth). However a 
different distribution of short bands was observed (White, 1984; 
Charsley and White, 1987). 
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An annealing temperature of 700'C for a number of indentations in 
crystals with to 20' from [001] was not found to result in any 
significant differences in the PSB distributions compared with 
unannealed indentations, in particular the enhancement remained 
(Charsley and White, 1987). However, White observed that after 
annealing some indentations in crystals with to 12' from [111] at 
900'C prior to fatigue, PSBs were observed both at the edges and 
within S-type indentation pits contrary to the results for 
unannealed samples. A comparison between annealed and unannealed 
indentations in specimens with to 12' from [111] revealed that 
although some differences in the PSB distributions were apparent, in 
many respects the PSB distributions developed near the indentations 
were closely similar. In addition the PSBs were observed earlier 
near the unannealed indentations compared with the annealed 
indentations. 
White (1984) found that for the case of etch pits, PSBs nucleate at 
the pit edges but the effect is much less extensive than that which 
occurs near indentations. 
3.3: Indentation Models 
In the expanding cavity model of indentation the indenter is 
considered to be surrounded by a semi-cylindrical or hemispherical 
core of radius, a. Within this core there is a hydrostatic pressure, 
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P. Outside the core, stress and displacements are assumed to have 
radial symmetry. The elastic-plastic boundary lies at a radius c, 
where c>a. At the interface between the core and the 
elastic-plastic zone the following two conditions must be satisfied: 
within the core, P must be equal to the radial component of the 
stress in the external zone at radius a; the radial displacement of 
particles lying on the boundary during an increment of penetration 
must accommodate the volume of material displaced by the indenter. 
The basis of the Perrott Model (Perrott, 1977) is an elastic-plastic 
calculation in which the main mechanism for accommodating the volume 
of the indenter is assumed to be the radial displacement of the 
elastic-plastic boundary. 
An explanation of the crystallography for ball indentations on the 
(001) surface of copper is given by the Dyer Model (Dyer, 1965). 
This model is based on the superposition and interaction of two sets 
of slip planes. One set is arranged as diverging truncated pyramids 
and causes a lowering of material below the indenter. The second set 
surround the first set and form converging truncated pyramids which 
causes a raising of surface material preferentially at <110> 
azimuths. The dislocation mechanism causing surface lowering 
involves using dislocations of two different slip vectors for each 
plane, and their interaction leaves dislocation segments which 
intersect on the (001) face. The other major dislocation mechanism 
in the planes of diverging pyramids is an annihilation reaction that 
diverts slip downwards, which might be aided by a repulsive 
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interaction which prevents the outer surface segments of 
dislocations involved in surface lowering from escaping. The 
dislocation mechanism for the hill raising also leaves dislocations 
which intersect on the (001) face, but gives a repulsion of the 
dislocation segments which limits the spread of the hills. 
Interactions between converging and diverging pyramids lead mainly 
to the formation of Lomer-Cottrell locks, but possibly also to short 
segments of another barrier. 
For the orientations of copper crystals used by White (1984), the 
planes which comprised the pyramids were assumed to be the {111} 
planes which make the largest angle of intersection at the surface. 
It was arbitrarily considered that the diverging pyramids were 
effective up to a radius of 2a (where a is half the diagonal length 
of the indentation). This modification to the Dyer model enabled the 
crystallography to be taken into account although the radial extent 
of the deformation could not be deduced from the model. 
3.4: Models to Describe PSB Distributions 
The enhanced formation of PSBs near indentations in copper is 
expected to arise from one or more of the following effects: a 
geometrical stress-raising effect due to the indentation; long-range 
internal stresses due to deformation around the indenter, and 
dislocation microstructure effects. 
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In the case of the etch pits studied in crystals with to 20' from 
[111] (White, 1984) the only contribution to stress enhancement is 
geometrical. An assumption of elastic isotropy was used by White to 
calculate the localized surface stresses expected near a hole, since 
the maximum in the applied fatigue stress is at the surface. These 
stresses were resolved on to all of the {lll}/<110> slip systems for 
the specimen. Good agreement was found between the positions of the 
maximum resolved shear stress and the sites of PSB formation. For 
the case of indentations, in order to achieve a good approximation 
to geometrical stress enhancement at the surface, Greenspan's 
calculations (Greenspan, 1944) were used. These calculations were 
for a square hole with rounded corners in an infinite plate with 
isotropic elasticity. This is a reasonable approximation for the 
surface stress enhancement near a pyramidal indentation. The 
resolved shear stresses were calculated by White (1984) for all slip 
systems, and this model showed that near annealed indentations (i. e. 
where no residual stresses are present after the annealing process) 
not all PSBs nucleated in regions with predicted high stress 
concentration values. Furthermore, it was found that there was 
extremely poor correlation between the high stress concentration 
values and the positions of PSBs near unannealed indentations. 
Finally on removal of the indentation pit, the general PSB 
distribution features are found to remain, thus White (1984) 
suggested that the effect of indentations through geometrical stress 
raising effects is not attributable to a square hole. Better 
agreement between theory and experiment is achieved by a hardened 
core model (Goodier 1933), using an approximation that the 
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indentation is equivalent to a rigid cylinder of diameter equal to 
that of the indentation diagonal length. 
The contribution from residual stresses was then assessed by White 
(1984) and Charsley and White (1987). Internal stress calculations 
were made using a number of models including: Swain and Hagan, 
(1976); Hill, (1950) and Perrott, (1977). In general terms, 
compressive stresses are predicted at the surface very close to the 
indentation, and these are assumed to inhibit PSB formation. It was 
found that only the Perrott model predicts significant tensile 
stresses. However the angular distribution of stress was not found 
to correlate well with observed PSB initiation sites. 
White (1984) also considered the combination of the Perrott stress 
model with the stress concentration expected from a square hole and 
a circular rigid cylinder. For the case of a circular rigid 
cylinder, it was found that although the absolute stress values were 
unreliable, the largest groups of PSBs did correspond to regions in 
which both the stress range and tensile stress amplitude were close 
to their maximum values. The square hole model for stress 
concentration showed less satisfactory correlation. A reason 
suggested for the lack of correlation between predictions of PSB 
initiation sites and those observed, is that the extensive plastic 
relaxation which occurs when the indenter is removed is not allowed 
for in the models used (Charsley and White, 1985). 
The fact that it was not possible to predict the very reproducible 
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angular distribution of PSB sites, despite a reasonable prediction 
of the radial PSB distribution being achieved by combining suitable 
models, led to the recognition of the importance of the dislocation 
microstructure produced during indenting. 
3.5: Dislocation Microstructure 
The major role of dislocation microstructures in affecting the 
observed distribution of PSBs was noted from the residual stress 
considerations above. It has been suggested by Kuhlmann-Wilsdorf and 
Nine (1967) that the formation of PSBs is assisted by non-primary 
slip. In addition, the formation of PSB wall structure from 
dislocation matrix structure through secondary slip has been 
proposed by Kuhlmann-Wilsdorf and Laird (1980). Charsley and White 
(1987) have suggested that a possible mechanism relevant to the 
studies of unannealed indentations is concerned with the formation 
of Lomer-Cottrell stair-rod dislocations, as the expected slip 
systems in some crystals examined are capable of forming such 
barriers. The limiting of slip distances during fatigue by sessile 
dislocations gives rise to a localized accumulation of dislocations. 
As a result of this, enhanced formation of matrix structure may 
occur which subsequently leads to enhanced formation of PSBs. Such a 
limitation in slip distance explains a number of features connected 
with the short groups of PSBs. Propagating PSBs may be thought to be 
in regions where dislocations are able to move into regions free of 
dislocation barriers. Alternatively there may be enhancement of the 
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transformation of the matrix structure into the condensed PSB 
structure due to localized stresses on a very small scale. At very 
low strain amplitudes, well away from the indentation, the 
conversion of matrix structure into wall structure is suggested to 
occur due to the stress concentration at the tip of the PSBs. 
46 
CHAPTER 4 
EXPERIMENTAL TECHNIQUES 
4.1: Growth of Al Single Crystals 
Al single crystals were grown by a Bridgeman technique. High purity 
(99.99%) Al which had been cold rolled was cut to the shape shown in 
Fig. 4.1 to fit split graphite moulds. Specimens were cleaned using 
a solution of HC1/H20/HNO3/HF in the ratio 9: 5: 3: 2 (Barrett and 
Massalski, 1980) before being placed into the moulds, which were 
then bolted together and put inside an alumina tube. The alumina 
tube was positioned inside a vertical furnace (Johnson Mathey type 
V44A) such that the specimen was initially held above its melting 
point temperature (660'C) and was lowered through the furnace at a 
rate of 1.5 cm/hr. The lower end of the furnace was opened in order 
to achieve a suitable temperature gradient. A rotary pump was used 
to maintain a low pressure (0.2 Torr) within the alumina tube 
throughout the growth process. 
4.2: Single Crystal Orientations 
The single crystals were etched using the HCl/H20/HNO3/HF etchant 
before being oriented by the Laus back reflection technique. The 
directions parallel to the edges of the specimen are indicated by tl 
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and t2, whilst the tension-compression axis is denoted by to (see 
Fig. 4.2 a). Fig. 4.2 b shows the position of to in the standard 
stereographic triangle for the orientations of the crystals used in 
Chapter 6. 
4.3: Initial Preparation of Polycrystalline and Single Crystal 
Specimens 
The surfaces of single crystal specimens were prepared by 
mechanically polishing using emery papers followed by diamond 
lapping compounds. A 35% nitric acid/methanol solution held at 
-10'C was used to electropolish both the polycrystalline specimens 
which were cut from 90 on thick 99.99% purity Al, and the single 
crystals. Specimens were then usually annealed for 1 hour at 425'C, 
although in some cases an annealing temperature of 550'C was used. 
During annealing, the pressure was maintained at < 10-4 Torr. 
4.4: Introduction of Surface Damage into Single Crystals 
The surfaces of single crystals were indented at a number of points 
close to the specimen axis using a Vickers diamond indenter. This 
indenter is a square based pyramid (136' included angle between 
opposite faces) and the depth to diagonal ratio is approximately 
1: 7. An indenter load of 30gm was used to produce indentations which 
had a diagonal length - 60{mß, and which were - 81m deep. 
48 
Indentations were made such that either their edges were 
approximately parallel to to (S-type), or their diagonal was 
approximately parallel to to (D-type), as shown in Figs. 4.3 a, b. 
For details of indentations made in single crystal specimens see 
Table 4.1. 
Etch pits were introduced by electrolytic polishing. The pits had 
sizes in the range 3 1m to 20 Nm. 
The positions of the indentations on the crystal surface are 
specified in terms of 1,0 co-ordinates as defined in Fig. 4.4. 
Positions around indentations/etch pits were defined in terms of the 
distance, r, from their centre, and an angle, 0, measured relative 
to to (see Figs. 4.3 a, b). 
4.5: Additional Treatments of Indentations 
In several cases, four indentations were annealed before making four 
additional indentations, to enable the PSB distribution developed 
near annealed and unannealed indentations to be compared on the same 
specimen. The annealing temperatures used were either 425'C or 550'C 
(see Table 4.1), for a period of 1 or 2 hours respectively. 
A number of crystals, C3, C6 and C7, were electropolished by various 
amounts after indentation (see table 4.1). 
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The annealing and electropolishing treatments described above were 
combined for some indentations in specimens C3 and C6. 
4.6: Preparation of Indented Discs for Microstructural Investigations 
A Vickers diamond indenter was used to produce indentations of 
diagonal length (d) 5614n (30gm load) and 36jm (10gm load) in the 
single crystal and polycrystalline specimens respectively. These 
specimens were annealed at either 425 or 550 'C prior to indenting. 
Some of the indentations in the polycrystalline material were 
annealed at 550'C for two hours, in order that a comparison between 
the dislocation structure near an unannealed and an annealed 
indentation could be made. In one case, an unannealed and an 
annealed indentation were introduced within the same grain, to 
enable a comparison to be made within a crystal of a given 
orientation. 
4.7: Fatigue Techniques 
4.7.1: Fatigue of Polycrystalline Al at Room Temperature 
and at Low Temperature 
Polycrystalline Al foil strips were fatigued using a technique 
previously developed in which foils are glued with "Durofix" to an 
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Al alloy beam, which is cycled in reverse bending in air (at room 
temperature), Charsley and Robins (1974). Total strain amplitudes in 
the range +4x 10-4 to + 1.9 x 10-3 were used, corresponding to 
saturation plastic strain amplitudes of + 1.9 x 10-4 to + 1.69 x 
10-3 (see Table 4.2). These total strain amplitude values were 
previously determined by Robins (1972) using a dial gauge 
extensometer. Foils were subsequently removed from the beam for 
examination by optical microscropy, scanning electron microscopy and 
for TEM preparation, by soaking in an acetone bath. 
The technique outlined above was modified to fatigue Al specimens at 
low temperature, 77 K, by maintaining a jet of liquid nitrogen onto 
the surface of the specimen throughout fatigue cycling. Total strain 
amplitudes in the range used for room temperature fatigue were used. 
Furthermore every attempt was subsequently made to maintain the 
specimen temperature at a low value where possible. The specimens, 
which were 3 mm discs cut by spark erosion, were removed from the 
beam by soaking in acetone cooled with liquid nitrogen to a 
temperature of - -50'C, and specimens were stored in liquid nitrogen 
both before and after the preparation of TEM discs. 
4.7.2: Fatigue of Indented Single Crystals 
Specimens were fatigued in reverse plane bending between fixed total 
strain limits, using a system previously developed by White (1984). 
Specimens were initially hardened using a low amplitude wheel, Wp 
(Et =1x 10-4, where Et is the strain at the surface of the 
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crystal), or W1 (Ct =2x 10-4), and were then fatigued using either 
Wl or W2 (Et =4x 10-4). The fatigue cycling of specimens was 
interrupted at frequent intervals, and the specimens were examined 
by optical microscopy and by scanning electron microscopy. The 
number of cycles was in the range 5x 102 to 8x 104. Cycling could 
not be continued to fracture since the narrow end of the specimen 
became distorted after a large number of cycles. 
The total strain amplitude values for single crystals were 
calculated by using a travelling microscope to measure the 
deflection (h) at the point B in Fig. 4.5. Since the load was 
applied close to the point A in this figure, it may be assumed that 
the specimen was bent into a uniform radius of curvature. Thus the 
strain may be calculated using the expression, 
th 
1ý2 
where t is the specimen thickness and lc is the distance between the 
clamps. The values for the total strain amplitude are tabulated for 
wheels WO - W2 in Table 4.3. 
4.7.3: Analysis of Strain into Plastic and Elastic Components at 
Saturation 
The value of the saturation plastic strain amplitude, ¬p, can be 
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calculated from the expression, 
cp = (Et - go) (see Fig. 4.6) 
E 
where ct is the total strain amplitude, co is the saturation stress 
amplitude and E is Youngs Modulus. 
From data presented by Pettersen (1984), ao z 15 MPa, using this 
information an approximate analysis of the total strain amplitude 
into plastic and elastic components may be carried out. A value for 
E for Al of 7x 104 MPa has been used in the calculations. 
Table 4.2 and 4.3 list the saturation plastic strain amplitudes used 
for polycrystalline and single crystal material respectively. 
The value of the cumulative plastic strain after N cycles at 
saturation, epl, oum, may be determined, and is given by the formula; 
Epl, cum = 2Nd5 
where Acp, the plastic strain range, is given by Up (see Fig. 4.6). 
The values for N used in the calculations of the cumulative plastic 
strain presented in Table 4.2, are the total numbers of cycles given 
to the specimen. Hence differences in the plastic strain amplitudes 
during cycles preceeding saturation have not been taken into account 
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in the above Epl, oum values. 
4.8: Preparation of TEM Specimens 
4.8.1: Preparation of TEM Specimens from Fatigued Polycrystalline Al 
Discs of 3mm diameter were cut from the polycrystalline material by 
spark erosion, using a Materials Science Spark Erosion Unit Mk 2. 
Both the polycrystalline material fatigued at 293 K, and that 
fatigued at 77 K were then prepared for TEM by jet thinning using a 
35% nitric acid/methanol solution held at - -10'C. In a number of 
cases the surface of the specimen was related to the underlying 
dislocation structure by jet thinning from one side only, and by 
comparing low magnification TEM micrographs with optical micrographs 
(and in some cases with SEM micrographs). Further the 
tension-compression axis was related to TEM micrographs for some 
specimens by cutting discs which had a straight section parallel to 
this axis, and by comparing low magnification TEM and optical 
micrographs. 
4.8.2: Preparation of Indented discs for TEM 
Before cutting discs around the indentations in the polycrystalline 
and single crystal material by spark erosion, a section was spark 
eroded from the indented region in the single crystal and its 
thickness was reduced to - 0.2 1, m, by mechanically polishing the 
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non-indented side only. Discs were then prepared for TEM by 
jet-thinning, generally from the non-indented side only. This 
usually gave rise to a perforation which covered a major part of the 
indentation but enabled the dislocation structure in the resulting 
thin areas to be related to the indentation edges by using 
appropriate low magnifications. 
4.9: Microscopy 
All optical micrographs were taken using a Reichert "zetopan" 
microscope. 
A Cambridge Stereoscan 250 scanning electron microscope operated at 
20 kV was used for all SEM studies. 
All TEM specimens were examined using a JEOL 200CX microscope 
operated at 200 kV. Bright field, dark field and weak beam 
techniques have been used. 
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CHAPTER 5 
FATIGUE OF AL AT ROOM TEMPERATURE AND AT 77K 
5.1: Introduction 
There have been few systematic studies of the dislocation 
configurations in fatigued Al and none in the last 17 years. In 
order to assess the effects of surface damage on fatigue it has 
therefore been necessary to characterise the dislocation 
microstructure in Al fatigued at different amplitudes at room 
temperature. There have been detailed studies on the dislocation 
configurations in fatigued Cu at room temperature, however the 
differences between Al and Cu are very considerable. For this reason 
observations have also been made at liquid nitrogen temperature. 
Initially Al specimens fatigued at 77 K were aged for various 
periods at room temperature, subsequently every attempt was made to 
maintain specimens at as low a temperature as possible at all stages 
(as outlined in section 4.7.1). 
5.2: Microscopy of Al Fatigued at Room Temperature 
The development of PSBs on a polycrystalline Al specimen was 
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examined with increasing numbers of cycles (N) in the range 2x 104 
to 2.2 x 105 at Et =+4x 10-4 at room temperature (see Fig. 5.1 a 
- d). It is apparent that with increasing numbers of cycles the PSBs 
become more pronounced and are found to spread across the grains. 
Different types of surface deformation markings consisting of 
"rumpled bands", similar to those found by King and Teer (1969), and 
regions exhibiting a cross-hatched structure similar to that 
observed by Forsyth (1956) and King and Teer (1969), are marked A 
and B respectively on Fig. 5.2. These structures were apparent after 
1.8 x 105 cycles at ct =+4x 10-4 at room temperature. 
The surface appearance after N=5x 103 at ct =+6x 10-4 is shown 
by the optical micrograph Fig. 5.3 revealing PSBs and "rumpled 
bands". An example of the surface appearance of a specimen after 1x 
104 cycles at Et =+1.4 x 10-3 followed by N=3x 103 at ct =± 
1.9 x 10-3 is shown in Fig. 5.4. Approximately 80% of the grains are 
found to contain PSBs after fatigue testing as described above. By 
comparison, in specimens fatigued for 5x 103 cycles at Et =+6x 
10-4, and in specimens fatigued for 2x 104 cycles at Et =+4x 
10-4 approximately 75% of the grains are found to contain PSBs. 
A low magnification SEM micrograph (Fig. 5.5 a) illustrates regions 
with cross-hatched markings separated by regions free of surface 
deformation markings which were observed after 5x 103 cycles at et 
=+1.4 x 10-3. The dark circular features are pits produced by 
electropolishing, and modifications in the surface slip markings in 
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the vicinity of these pits are apparent. A higher magnification 
micrograph of a region in this area, Fig. 5.5 b, shows an 
arrangement of circular features which are below the surface. 
The dislocation structures developed in various specimens after N= 
2x 104 at Et =±4x 10-4 are shown in Figs. 5.6 - 5.13. In total 
approximately forty grains were examined by TEM, and the micrographs 
presented are typical of the structures observed after fatigue at 
this amplitude. In Fig. 5.6 dislocations can be seen to have formed 
into irregular walls approximately 0.8 1. on apart and parallel to 
[110]. Dislocations extend from the walls approximately parallel to 
[110]. The stereo-pair indicates that the walls appear to be 
perpendicular to the plane of the micrograph so the walls are 
approximately parallel to the (110) planes, and that the dislocation 
loops are distributed throughout the foil thickness. Dislocations of 
all six Burgers vector types are present in the area. Dislocations 
in the groupings which are approximately parallel to [110] have 
mainly b= 3i[110] (which is the prevalent Burgers vector in the 
area) and thus these are approximately screw dislocations. 
Dislocations in the walls parallel to [010] (i. e. (100) planes) have 
b= 34[110] and b= 6[110]. 
In Fig. 5.7 the dislocations have formed walls approximately 
parallel to [110] and [010] (i. e. (110) and (100) planes), with 
dislocations crossing between the walls approximately parallel to 
[110] and [100] apparent. Dislocation loops are shown by the 
stereo-pair to be distributed at various depths. Variations in 
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contrast for 92oo indicate misorientation across the walls which are 
approximately 0.7 /fin apart. Dislocations of all six Burgers vector 
types are present in the area, however the majority of dislocations 
in the walls have b= )4[110] and 14[101]. Dislocations which extend 
across the walls have b= M[110], h[l01] and M[110]. In the 
channels, many of the small dislocation loops have b= M[110]. By 
comparing optical micrographs and low magnification TEM micrographs 
the dislocation structure may be related to surface features and is 
found to underlie a surface containing PSBs (which are apparent over 
the entire grain). A large fraction of grains in this specimen were 
found to exhibit PSBs. 
Fig. 5.8 is a further example where the dislocations have formed 
into very ragged walls approximately parallel to [110] (i. e (110) 
planes), with dislocations crossing approximately parallel to [100] 
and [010]. Fig. 5.9 is a stereo-pair of the region in Fig. 5.8 at 
higher magnification. The walls of dislocations have a width of 
0.7 /An and the channel spacing is - 0.8 Im. Thus, the walls have a 
similar spacing to those in previous examples, however the 
dislocation density in the walls appears much higher. Dense 
dislocation patches separated by regions of low dislocation density 
are apparent, and there is also a large number dislocation loops in 
the low dislocation density region. Dislocations with at least four 
Burgers vectors are present in the area. Most of the dislocations 
extending from the walls (marked k, Fig. 5.8) have Burgers vectors b 
= M[011] or M[Oll] although the dislocation marked b has b= M[110]. 
Many of the dislocations present in the walls have b= J[110]. 
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Figs. 5.10 and 5.11 are further examples of areas with large patches 
of high dislocation density, separated by channels approximately 
parallel to [100] and (010] which are of lower dislocation density. 
The channels are approximately 1-2 an wide and contain a number of 
dislocation loops. Sosse channelling of dislocations parallel to 
[110] is apparent in these figures but this is not developed and the 
channel widths are noticeably less than those of <100> channels. 
Dislocations which cross between the patches are also apparent. The 
direction of the tension-compression axis during fatigue testing is 
indicated on Fig. 5.11. The slip systems which have the highest 
Schmid factors. and therefore the maximum resolved shear stresses, 
are (111) (101] and (111) [101] (see Appendix A). Burgers vector 
analysis of dislocations in Fig. 5.11 shows that Burgers vectors 
present are ;b= 14(1101 or 14[1101, b= J4[1011 or J4[101), and b= 
14(011] or 14(011] (which correspond to slip system with highest 
Scheid factors of 0.25,0.49 and 0.25 respectively). Examples of 
dislocations with Burgers vectors b= 14[011] or )f[0111 are marked k 
on Fig. 5.11. The majority of dislocations in the dense patches have 
b= M[110] or 14[1101. 
Fig. 5.13 is a higher magnification micrograph of an area in Fig. 
5.12 showing the large number of dislocation loops observed in the 
walls. Dislocations have formed into walls approximately parallel to 
[110) (corresponding to (110) planes), which are separated by -I us 
wide channels of relatively low dislocation density. All six Burgers 
vector types are present in the area, the cost coon dislocation 
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type in the patches is b= 4[110). Dislocations extending into the 
lower dislocation density channels have b= 4[011] or 4[011]. 
Figs. 5.14 - 5.16 show typical examples of dislocation structure 
developed after 5x 103 cycles at et =+6x 10-4. Approximately 
forty grains were examined, subsequently areas which were 
representative of the types of structures observed were examined in 
detail. In Fig. 5.14 dislocations have formed loose tangles with a 
large number of dislocation loops apparent. In Fig. 5.15 
dislocations have formed quite dense tangles. There is sosse grouping 
of dislocations approximately parallel to [010], [110], [100] and 
(111) directions in Figs. 5.14 - 5.16. In Fig. 5.16 the structure 
consists of dislocation loops and walls. The channels between these 
walls are -. Iw wide and are relatively free of dislocations. 
Misorientation across the wells is indicated by the change in 
contrast observed for k20 operating reflection. The small 
dislocation loops in areas marked b are out of contrast for `220 and 
hence have Burgers vectors b= N[110]. 
A total of four specimens were prepared from material fatigued for N 
=2x 104 cycles at ct =±6x 10-4. An example of the type of 
dislocation structure observed is shown in Fig. 5.17. For this 
specimen the direction of the tension-compression axis during 
fatigue testing is indicated. The slip systems which have the 
highest Schmid factors and therefore the maximum resolved shear 
stresses are (111) (011] and (111) [011] (see Appendix A). A channel 
which is elongated approximately parallel to [110] can be seen 
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between the dislocation tangles. Dislocations marked b have Burgers 
vectors f[110] (corresponding to slip systems with a Schmid factor 
of 0.36) and those at k have b= f[011] or *[011] (which correspond 
to slip system with a highest Schmid factor of 0.48). There are 
also dislocations with b= N[10l] or *[l01] in the area 
(corresponding to slip systems with a highest Schmid factor of 0.12). 
Figs. 5.18 and 5.19 show typical examples of the dislocation 
structure developed after 5x 103 cycles at et =+1.4 x 10-3. 
Fifteen specimens were prepared and ten of these were examined in 
detail by TIM after fatigue at this strain amplitude. Usually 
approximately ten grains were inspected in each specimen before 
selecting representative areas to be studied. The dislocation 
arrangements formed after fatigue at this strain amplitude show 
notable differences in comparison with those found after lower 
strain amplitude fatigue. Representative examples of the types of 
structures found (Figs. 5.18 and 5.19) show that dislocations have 
formed into narrow bands of high dislocation density which enclose 
areas which are relatively free of dislocations, i. e. a fatigue cell 
structure has been formed. These cells are elongated and are 
typically 0.6 la wide with a wall width of - 0.1 w. Dislocations 
crossing between the walls approximately parallel to [110] and sosse 
dislocation loops are apparent. Burgers vector analysis of the area 
in Fig. 5.19 showed that dislocations marked b have Burgers vectors 
M[110). Some loops in the area marked a (Fig. 5.19) are out of 
contrast for H2O and thus have Burgers vectors b= 14[101] or 
1*[101]. Since the dislocation walls are evidently very narrow. it 
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may be assumed that they lie in the plane which contains the [0011 
direction (and therefore these correspond to (100) planes). 
Fig. 5.20 shows a typical example of the development of narrow 
dislocation walls after 5x 103 cycles at ct =+1.4 x 10-3. In one 
cell a small amount of  isorientation is indicated by the change in 
contrast observed across the dislocation walls. 
Fig. 5.21 a shows an additional example of the dislocation structure 
developed after 5x 103 cycles at ct =+1.4 x 10-3. For this 
specimen the dislocation structure has been related to the surface 
appearance using the technique outlined in section 4.8.1, and was 
found to lie beneath a region with cross-hatched markings (Figs. 
5.21 b, c). These cross-hatched markings have a periodicity of -2 
mm. Furthermore this structure can be seen within the polishing pits 
in Fig. 5.21 c. Burgers vector analysis was carried out for this 
region and examples of dislocations with b =x(110], *[110] and 
14[011] are marked a, b and e respectively on Fig. 5.21 a. At c there 
are dislocations which are visible under gill which are not apparent 
for g111 and 9020 indicating b= 1*(101]. At d dislocations apparent 
for 8111 are out of contrast for g020 and gill indicating b= 
14(101], and at f dislocations which are visible under g111 and giii 
are out of contrast for 9200 indicating the presence of b= 4[011]. 
Thus all six possible Burgers vector types are present in the area. 
Figs. 5.22 a, b show variations in the types of dislocation 
arrangements which were found to underlie regions of similar, 
63 
although less regular, cross-hatched appearance to that shown in 
Fig. 5.21 b (see Fig. 5.22 c). It should be noted that in total four 
specimens contained perforations in regions containing cross-hatched 
surface markings. The micrographs presented are typical of the 
structures found in such areas. 
The dislocation structure developed after 1x 104 cycles at ct = 
1.4 x 10-3 followed by 3x 103 cycles at ct =+1.9 x 10-3 was 
examined in five specimens and an example is shown in Fig. 5.23. 
This structure consists of narrow curved boundaries forming a more 
equiaxed cell structure than previously observed at lower strain 
amplitudes. Using a g. b =0 criterion, dislocation loops at c have 
Burgers vectors b= fi(101). The dislocation patch at B appears to 
consist of dislocations which have two different Burgers vectors. 
5.3: Microscopy of Al Fatigued at Low Temperature with Specimen 
Ageing at Roam Temperature 
Initially, four specimens which had been fatigued at ct =+4x 10-4 
at low temperature (77 K) followed by various periods of ageing at 
room temperature were examined. A typical example of walls of 
dislocations observed after seven days ageing at room temperature 
after fatigue at 77 K for 2x 104 cycles at at =+4x 10-4 is shown 
in Fig. 5.24. Walls of dislocations approximately parallel to (110) 
and [201) directions (i. e. corresponding to (111) and (131) planes) 
can be seen in this area. Fig. 5.25 shows the dislocation structure 
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in a specimen which was aged for two months after fatigue at low 
temperature. Regions exhibiting large areas of dense dislocation 
loop patches separated by regions which are relatively dislocation 
free, very similar in appearance to matrix structure observed after 
room temperature fatigue in Cu, can be seen. These relatively 
dislocation free channels are found to contain isolated dislocation 
loops. The channels are approximately parallel to [110] and (011) 
directions. Fig. 5.26 shows the region at higher magnification and 
the weak-bean dark field image (Fig. 5.27) shows the high density of 
elongated dislocation loops apparent in the dislocation dense 
patches. Burgers vector analysis showed that dislocations within the 
dense patches marked A on Fig. 5.25 have b= 11[101], 4(101], 4[011] 
and 4(011), although b= 31[011] and 14[101] appear to be predominant. 
Dislocations marked d extending from these patches have b= )1(101]. 
At c in Fig. 5.26 most dislocations are out of contrast and thus 
have b= 14(101). After similar ageing times at room temperature 
(approximately 2M months) matrix type structure was observed (Fig. 
5.28) in addition to wall type dislocation structures (Fig. 5.29) 
resembling those in Fig. 5.24. In the matrix type structures, 
channels approximately parallel to [131] and [311] are apparent. The 
walls observed in Fig. 5.29 are roughly parallel to [100] and [331] 
(corresponding to (010) and (131) planes). 
Following an increase in the number of fatigue cycles to 2.2 x 104 
at et -t4x 10"4 four specimens were examined, and elongated cell 
structures were observed with dislocations crossing between the 
walls apparent after seven days ageing at room temperature (Fig. 
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5.30). The cell walls are approximately parallel to [331] and [13l] 
(i. e. (331) and (311) planes). Arrangements of dislocations 
approximately parallel to [021] and [201] (corresponding to (311) 
and (131) planes) are evident after four weeks ageing at room 
temperature following fatigue under these conditions (Fig. 5.31). 
Dislocations in this area extending from the dislocation walls which 
are visible for g311, are out of contrast for 911, showing that 
these have b= M[110] or 34[101] or M[oll]. Furthermore, 
misorientation between these walls is indicated by the changes in 
contrast between them. 
5.4: Microscopy of Al Fatigued at Low Temperature with Specimen 
Ageing Minimized 
After fatigue for N=2.2 x 104 at Et =±4x 10-4 with the specimen 
maintained at low temperature prior to TEM examination, the 
elongated cell dislocation structure in Fig. 5.32 was found. The 
cell walls are approximately parallel to [110] and [111) (i. e. (122) 
and (110) planes). This structure is of the same type as found in 
specimens which were aged at room temperature after low temperature 
fatigue under the same conditions. 
After increasing the strain amplitude to et =+6x 10-4 for N=5x 
103 four specimens were prepared and these were again maintained at 
a low temperature until TEM examination. Fatigue under these 
conditions was usually found to give rise to the matrix type 
66 
structures shown in Fig. 5.33, which are similar to those observed 
after 2x 104 cycles at Et =±4x 10-4 after two months ageing time 
at room temperature. A large number of small dislocation loops and 
pairs of approximately parallel dislocations are evident in Fig. 
5.34 at higher magnification. Elongated dislocation loops are 
apparent in the weak-beam dark field image shown in Fig. 5.35. Areas 
exhibiting a lower density of dislocation tangles were also found in 
some areas. In Fig. 5.36 an example of a specimen which exhibited 
dislocation tangles after fatigue under these conditions is shown. 
After examining three specimens fatigued at 77 K for N=1.015 x 104 
at et =+8x 10-4, in addition to matrix type structures (Figs. 
5.37 to 5.40), areas with regions containing both wall and matrix 
structures resembling those found in Cu after room temperature 
fatigue (Figs. 5.41,5.42), and incompletely formed labyrinth 
structures (Figs. 5.43 to 5.45) were found. Matrix type structures 
were observed in about 30% of the grains examined, whereas labyrinth 
type structures were observed in about 60% of grains, and in one 
grain an area exhibiting wall and matrix type structures was found. 
The shape of the dislocation patches in the matrix structure was 
found to vary in different grains as shown in Figs. 5.37 and 5.40. 
Considering Figs. 5.38 and 5.39 the dislocation patches and channels 
tend to be elongated approximately parallel to [111] and 
occasionally strings of dislocation loops are apparent. Small 
dislocation free patches " 0.15 Mn in size can be seen within the 
dense patches. Weak-beam dark field imaging of an area in Fig. 5.37 
(Fig. 5.39) shows more clearly the high density of small dislocation 
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loops present. In one specimen, the wall and matrix structures shown 
in Fig. 5.41 were found. The walls in this region are approximately 
parallel to [010], [120] and [210] (corresponding to (100), (210) 
and (120) planes). The channel separation between both the (210) and 
(120) walls is -2 in whereas for the (100) walls the separation is 
3 I. tm. Examples of labyrinth type structure were frequently 
observed, as noted above. In the example of labyrinth structure 
shown in Fig. 5.43, slip lines approximately parallel to [110] and 
[110] apparent in the dislocation free regions between the labyrinth 
walls indicate that some dislocation movement has occurred. There is 
a tendency for square dislocation free zones to be bounded by the 
{100} walls, and although the walls approximate to <100> directions 
there is some deviation of the walls away from these directions. The 
width of the low dislocation density channels between the walls is 
2 emu. Burgers vector analysis of an area near this region (see Fig. 
5.44) indicated the presence of all six Burgers vector types. 
Examples of dislocations which have b= )1[110], 31[110], 31[011] and 
3f[0l1] are marked a, b, e and f respectively on Fig. 5.44. At c and 
d dislocations which have b= M[l01] and M[101] respectively are 
apparent for g220. Many of the dislocation loops at a are out of 
contrast for 9220 indicating that these have b= M[110]. Another 
example to show the extent of labyrinth structure is shown in Fig. 
5.45. The apparently featureless surface regions corresponding to 
the micrographs in Figs. 5.38,5.40,5.41 and 5.45 are marked A, B, 
C and D respectively on Fig. 5.46, which is an optical micrograph of 
the specimen. 
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After examining two specimens fatigued for N=7.63 x 103 at Et =+ 
1.0 x 10-3 only an ill-defined labyrinth type structure was observed 
(Figs. 5.47 to 5.49). Burgers vector analysis revealed that 
dislocations extending from the labyrinth walls and in the channels, 
marked ai - a4 in Fig. 5.47, have b= M[110]. Loop a2 is an example 
of a dislocation loop which has been pulled out of the dislocation 
wall. 
Four specimens were prepared on increasing the strain amplitude to 
Et =±1.4 x 10-3 and two specimens (i. e approximately twenty 
grains) were examined in detail. Areas which contained very few 
dislocations were occasionally observed (Figs. 5.50,5.51), in 
addition to matrix (Figs. 5.52 and 5.53), condensed matrix-type 
(Figs. 5.54 - 5.57), ladder-type (Figs. 5.58,5.59,5.61 and 5.62) 
and labyrinth (Figs. 5.63,5.64,5.66,5.67,5.69,5.70 and 5.72 a 
to 5.74) structures. In the area in Fig. 5.51 which contains few 
dislocations, Burgers vectors analysis indicates that dislocations 
present include those which have b= )4[011] or 31[011], 11[101] or 
H[101] and 34[110]. Examples of the latter type of Burgers vector are 
marked a on Fig. 5.51. Dislocations marked c have b= 31[101]. Matrix 
structures were observed less often after fatigue at this strain 
amplitude than after lower amplitude fatigue. Moreover, the 
proportion of channel was often found to be greater at this higher 
strain amplitude forming a more condensed type of structure. In the 
matrix structure, the low dislocation density channels are again 
found to have a significantly higher density of isolated dislocation 
loops (see for example Fig. 5.52) than for Cu fatigued at room 
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temperature (Winter et al, 1981). Burgers vector analysis of the 
region in Fig. 5.52 showed that in the channels between the dense 
dislocation patches many dislocations are out of contrast for g131 
and g111 indicating b= 34[101]. The dislocation marked p in Fig. 
5.53 has b= . 4[110] or h[l01]. Within the dislocation patches, the 
presence of dislocations with b= M[110], )f[011] and M[101] is 
indicated by dislocations out of contrast for g220, gall, and gi51. 
In Fig. 5.56 the disappearance of many small dislocation loops 
present in the channels between the dense dislocation patches for 
g311 indicates that these have b= x[011]. The dislocation loop 
marked e in Fig. 5.57 is also of this type. Examples of dislocations 
with b= h[110] and M[l10] are marked a and b respectively in Fig. 
5.57. Burgers vector analysis of the dense dislocation patches in 
this area revealed the presence of dislocations with b= k[011], 
M[110] and M[1101. Fig. 5.58 shows a region (denoted by dashed 
lines) which is similar in appearance, although more irregular, to 
the "ladder" structure which has been reported after room 
temperature fatigue of Cu. This type of structure was seldom 
observed (only on two occasions). The dislocation walls, denoted by 
arrows, are in this case found to be approximately parallel to [021] 
(corresponding to (311) planes) and there are suggestions of cell 
stucture in some parts of the area. Burgers vector analysis of the 
area in Fig. 5.59 revealed that many of the small dislocation loops 
present within the channels and some dislocations in the walls are 
out of contrast for g220 and 9022 indicating that these have b= 
M[110] and M[011]. Examples of dislocations with b= M[l10] are 
marked b and most of the dislocations in this area are of this type. 
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The dashed lines in Fig. 5.61 denote a second region which 
approximates to the ladder structure. Analysis of the area in Fig. 
5.61 showed that the dislocations which cross the channels of the 
structure have a single value of the Burgers vector and are 
approximately of screw orientation; the walls, which are not 
completely planar, are approximately normal to the active Burgers 
vector. Near the centre of this micrograph is a region which can be 
interpreted as uncondensed matrix structure. The separation of the 
walls is approximately 2.8 Mm i. e. about four times the spacing of 
the ladder structure in Cu fatigued at 77 K (Basinski, Korbel and 
Basinski, 1980) or about twice the wall spacing in Cu fatigued at 
room temperature (Winter, 1973). The apparently featureless surface 
structure corresponding to the ladder-type structure region in Fig. 
5.58 is shown in Fig. 5.60. 
A typical example of labyrinth structure which is not wholly formed 
after fatigue at this strain amplitude is shown in Figs. 5.63,5.64, 
5.66 and 5.67. This structure consists of well defined relatively 
dislocation free channels about 0.7 /. em in width, with dislocation 
walls approximately parallel to {100} planes but which deviate 
significantly. The structures in Fig. 5.66 are very similar to those 
observed in earlier micrographs (e. g. Fig. 5.43) however the 
channels are much narrower at this higher strain amplitude. The 
corresponding featureless surface regions are shown in Fig. 5.65 and 
5.68. On a few occassions the {100} walls were found to be less 
regular (see Fig. 5.69 and Fig. 5.70) and these appear to resemble 
the "parquet" type labyrinth structure observed by Mecke and 
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Blochwitz (1982) in some Ni specimens fatigued at room temperature. 
The parquet structure consists of edge dislocation walls which are 
irregularly arranged at angles of 45' and 135' to the primary slip 
direction building up a parquet-like structure (Mecke and Blochwitz, 
1982). In Ni the walls in the parquet-like structure are parallel to 
(521) and (125) planes, whereas in Al the walls in Fig. 5.69 are 
parallel to (100) and (011) planes, whilst in 5.70 they are parallel 
to (031) and (100) planes. The width of the channels in this 
structure in Al is - 0.7 in and the apparently featureless 
appearance of the surface corresponding to the structure is shown in 
the optical and SEM micrographs, Figs. 5.71 a-c. Burgers vector 
analysis of a region exhibiting labyrinth structure which is not 
completely condensed is shown in Figs. 5.72 a-f. In this area four 
Burgers vector types, b= )[110], M[110], )[101] and H[101], were 
identified and examples are marked a, b, c, and d respectively on 
Figs. 5.72 a, c and d. Dislocations were found predominantly to have 
b= M[110] and M[110]. Most of the dislocations present in the walls 
approximately parallel to (010) are out of contrast for gill and 
g2io indicating b= J4[110]. Many of the dislocation loops in the 
channels visible under 9200 and g020 are out of contrast for g220 
indicating that these also have b= )4[110]. A typical example of 
more condensed labyrinth structure is shown in Fig. 5.73 and 5.74. 
The channel spacing in this area (- 2 /. m) is much larger than in the 
non-condensed labyrinth regions. A large number of dislocations 
crossing between the {100} walls are apparent. Burgers vector 
analysis of this area revealed that many dislocations within the 
walls parallel to (010) had b= M[110] and f[011] or M[011]. 
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Examples of dislocations crossing between the walls which have b= 
h[Oll] or M[011] are marked k on Fig. 5.74. Dislocations with b= 
M[101] or M[101] are also present in the area indicated by the 
disappearance of some dislocations for gO20. In the channels many of 
the small dislocation loops are out of contrast for 9220 indicating 
that these have b= 4[110]. A very small change in contrast across 
the walls is also indicated for this operating reflection showing 
that there is misorientation across the walls. Unlike the most usual 
observations of structures based on {100} walls in Cu fatigued at 
room temperature, frequent observations of large areas dominated by 
one set of {100} walls were made in Al fatigued at this strain 
amplitude at 77 K. An example of the extent of this feature is shown 
in Fig. 5.75 a. Burgers vector analysis of this structure (see Figs. 
5.75 b to 5.75 h) revealed that dislocations of all six Burgers 
vector types are present in the area, although mainly b= M[110] and 
M[110]. Examples of dislocations which have b= M[110], M[110], 
M[101], M[101], 3f[011] and *[011] are marked a, b, c, d, e and f 
respectively on Figs. 5.75 b, d, e and g. Many of the small 
dislocation loops within the channels are out of contrast for g220 
and 920 indicating that these have b= M[110] and M[110], which 
suggests that they are associated with dislocations which form the 
walls. A weak-beam dark field image in Fig. 5.75 i shows the 
presence of a large number of small dislocation loops in the low 
dislocation density channel. The observations of Jin and Winter on 
the room temperature fatigue of Cu crystals with a [001] orientation 
reveal a similar structure (see Fig. 1 (b), Jin and Winter , 1984 
b), however in Al at 77 K the dominance of a single set of {100} 
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walls is much more extensive than that reported for Cu. In Al, the 
spacing of the walls in some labyrinth structure which is not fully 
condensed (e. g. Fig. 5.72 a) and in the single set of {100} walls is 
approximately 1.6 um (± 0.1 Um), i. e. -2 and -3 times the typical 
respective separations for similar stuctures observed in Cu after 
room temperature fatigue (Winter, Pedersen and Rasmussen, 1981; Jin 
and Winter, 1984 b). The formation of cell-type dislocation 
structures within {100} labyrinth-type walls observed in one grain 
is illustrated in Fig. 5.76 and at higher magnification in Fig. 
5.77. A high density of dislocation loops was apparent in the 
channels and within the cells small dense clusters of dislocation 
loops approximately 0.5 I. m in size are apparent. Changes in contrast 
between the cells marked A and B in Fig. 5.77 for Mii (not 
illustrated) indicate misorientation across the cell walls. The 
presence of dislocations with b= )4[101], Jf[011] and M[110] is 
indicated by dislocations which are out of contrast for gi51, $gii 
and g120. Examples of dislocations with b= %[110] and *[01l] are 
marked b and e respectively on Fig. 5.77. Many of the small 
dislocation loops are out of contrast for gi3i and 9511 indicating 
that these have b= f[101] and )4[011]. 
An unexpected type of dislocation configuration is shown in Figs. 
5.78 to 5.80. This specimen was also fatigued at-et =±1.4 x 10-3 
at 77 K for 5x 103 cycles, and in this case the specimen contained 
the surface. This structure can be described as a square "lattice" 
of dislocation dense regions with side parallel to <110> directions 
and with a lattice parameter of - 1.9 Mm. It should be noted that on 
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tilting from B= [001] to B= [011] (not illustrated) the 
dislocation cluster image projections were found to satisfy a 
face-centred cubic structure, since a hexagonal "lattice" of 
dislocation dense regions with side parallel to <100> and <111> 
directions was observed. Such a well-defined lattice-type structure 
was observed on one occasion only. The structure is shown at higher 
magnification and under different operating reflections in Figs. 
5.79 a and b, whilst a low magnification TEM micrograph (Fig. 5.80) 
shows how extensive this structure can be. Fig. 5.81 is an optical 
micrograph of the surface of the specimen, where B denotes the 
lattice-type dislocation structure region. The area marked B is 
shown at higher magnification in Figs. 5.82 and 5.83, where the 
latter corresponds to the structure in Fig. 5.80. A SEM micrograph, 
Fig. 5.84, of part of the surface and the stereo-pair, Fig. 5.85, 
show a complementary arrangement of circular features which are 
below the surrounding surface. Examination of micrographs taken 
under different operating reflections (9220, g220, g111, gi31, and 
g131) in addition to those illustrated in Figs. 5.78 - 5.79 b (g2oo 
and g02o) also reveal circular dislocation dense regions which have 
dark contrast. Thus, the dark contrast in Fig. 5.78 corresponds to 
thinner regions of the foil and is predominantly strain contrast, 
since the extinction distance for some of the reflections examined 
is large. These dark contrast areas correspond to regions with a 
high density of dislocations which have Burgers vectors parallel to 
[101], [101], [110] and [110] in approximately equal numbers. 
Between the circular regions of dark contrast are areas relatively 
free of dislocations. The tension-compression axis for this specimen 
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was found to be parallel to [010]. 
These lattice type structures would appear to form from regions with 
a high density of dislocation tangles and several grains were found 
in which such structures were observed. A low magnification example 
of a region in which the formation of this lattice structure is 
apparent is Fig. 5.86. The area in this region where labyrinth type 
structure is evident is shown at higher magnification in Fig. 5.87. 
Dislocation clusters within the channels between the {100} walls are 
apparent. Full Burgers vector analysis was not possible for this 
area, however the disappearance of a number of dislocations at k 
(Fig. 5.87) for g2oo indicates the presence of dislocations which 
have b= M[Oll] or JI[Ol1]. Dislocations marked b have b= 3i[110], 
and those marked a have b= 34[110] (see Fig. 5.87). This area is 
adjacent to an area exhibiting dislocation tangles (Fig. 5.88). It 
is within such tangled dislocations that the clusters appear to form 
as shown in Figs. 5.89 and 5.90. In Fig. 5.89 irregular walls which 
are approximately parallel to [110] (corresponding to (110) planes) 
are also evident. Misorientation between the region exhibiting 
labyrinth type structure and the region with dislocation tangles is 
indicated by changes in contrast apparent for 9220. A stereo-pair of 
clusters forming from dislocation tangles is shown in Fig. 5.91. 
A further example of the formation of lattice type clusters in a 
different specimen fatigued at Et =±1.4 x 10-3 at 77 K for 5x 103 
cycles is shown in Fig. 5.92 and at higher magnification in Fig. 
5.93. Again, the region adjoining this area is found to exhibit 
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<100> walls as shown in Fig. 5.94. The surface structure which 
corresponds to the area in Fig. 5.92 in which lattice structure is 
forming is shown in Fig. 5.95, and at higher magnification in Figs. 
5.96 to 5.98. This area is found to be adjacent to a grain in which 
matrix structure is found. 
In a different specimen, on one occasion dark contrast features were 
found however in this case a fairly uniform arrangement of tangled 
dislocations was evident (Figs. 5.99 and 5.100), suggesting that 
this contrast may be due to variations in thickness. Full Burgers 
vector analysis of the area in Fig. 5.100 was not possible, however 
dislocations marked e in this area were found to have b= 34[011]. 
Dislocations with b= 14[110] or 34[101] or 3f[0l1] are also found to 
be present in this region. The surface structure corresponding to 
this dislocation structure is shown in the optical micrograph Fig. 
5.101. It can be seen that the surface appearance is similar to that 
in Fig. 5.83. 
Additional SEM of material fatigued at 77 K for N=5x 103 at Et = 
+ 1.4 x 10-3 revealed the occurrence of both less well defined 
cross-hatched structure and rumpled bands (Figs. 5.102 and 5.103). 
From comparisons of regions examined by TEM with associated optical 
or SEM micrographs, such features were not found to be related to 
any specific dislocation configuration. 
5.5: Brief Summary of Experimental Results 
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In general, approximately five times the number of specimens were 
examined after fatigue at room temperature in comparison with those 
fatigued at low temperature, for any given number of cycles and 
strain amplitude. Usually about ten grains were examined in each 
specimen, and features considered to be representative of the types 
of structures observed were then examined in detail. 
The very high densities of small dislocation loops seen in otherwise 
dislocation free regions after fatigue at 77 K are not a feature of 
room temperature fatigue, although the density of loops is 
appreciable at the latter temperature. In addition no clear examples 
of a matrix structure, PSB ladder structure or labyrinth structure 
are found after room temperature fatigue at any strain amplitude, 
however examples which approximate such structures are found after 
fatigue at low temperature. At the lowest strain amplitudes 
irregular dense patches of dislocations were seen after room 
temperature fatigue however irregular dislocation walls were 
commonly observed at all amplitudes. These irregular walls were 
frequently found to be approximately parallel to <110> and <100> 
directions in foils with <100> normals and are thus approximately 
parallel to {110} and {100} planes. Low temperature fatigue resulted 
in dislocation walls approximately parallel to {331}, {311}, {310}, 
{210}, {111} and {122} planes being observed, in addition to walls 
parallel to {100} and {l10} planes. The wall separations in the 
range 0.7 jIm to 1.0 Mu following fatigue at room temperature 
contrast with the observed separations at 77 K which are in the 
range 0.7 ji to -3W. After room temperature fatigue at the 
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highest amplitudes, a more clearly defined cell structure is 
evident, with narrow walls (which are oriented preferentially along 
<100> and <110> approximately (corresponding to {100} and {110} 
planes) enclosing large dislocation free regions. 
Finally, a new type of condensed structure which consists of a well 
defined lattice of approximately circular dislocation clusters, has 
been observed after low temperature fatigue at the highest amplitude 
investigated. 
5.6: Discussion 
5.6.1: Determination of Planes 
Regarding the determination of the indices of planes of dislocation 
walls, the following method was used. It is assumed that the 
dislocation wall is perpendicular to the plane of the micrograph, 
thus the plane indices are determined by taking the cross product 
between the beam direction and the direction to which the walls 
appear to be parallel. For dislocation walls which are very narrow 
this method is appropriate, however stereo-pair micrographs were not 
taken for every case thus it is possible that the planes of the 
dislocation walls may not always be exactly perpendicular to the 
plane of the micrograph (and therefore not exactly parallel to the 
beam direction). Consequently, in determining indices of planes it 
79 
has been necessary to consider all possible planes which are 
sufficiently close to the plane determined by the cross product 
method (i. e. such that any difference in wall orientation might not 
be distinguished) which could correspond to the observed dislocation 
wall direction. Thus, the most likely plane corresponding to the 
observed wall direction is subsequently selected from the possible 
planes determined. 
5.6.2: Room Temperature Fatigue of Al 
'A summary of the dislocation structures which have been previously 
reported after room temperature fatigue of Al was included in 
section 2.4.5 (ii). The following section includes a comparison of 
results obtained during the present work on room temperature fatigue 
of Al with these earlier observations. 
From the micrographs presented here it is apparent that the 
substructure developed at any given cycle level, at low amplitudes, 
varies from grain to grain, as found by Grosskreutz and Waldow 
(1963), and is thus dependent on the orientation of the grain with 
respect to the tensile axis (Mitchell and Teer, 1969 a). 
Segall has reported that when the fatigue stress was sufficiently 
low no subgrain formation was observed but that dislocations exist 
in patches, which is in agreement with the trend of the data 
presented by Grosskreutz and Waldow (1963) for polycrystalline Al. 
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However, it has been observed by McGrath (1963) that a subgrain 
structure exists throughout Al fatigued at a strain amplitude 
causing failure in 2x 106 cycles. In addition, observations of 
groupings of dislocations along crystallographic traces of low index 
planes in Al fatigued at room temperature have been made by 
Grosskreutz (1963) and Mitchell and Teer (1969 a). It should be 
noted that results presented here for low strain amplitude fatigue 
of Al reveal that some degree of organization of dislocations 
parallel to crystallographic traces of low index planes is always 
apparent, with many examples of {100} and {110} oriented loose wall 
structures found. 
The appearance of dislocation structures in areas of Fig. 5.7 are 
similar to the parallel boundaries of dislocations observed by 
Mitchell and Teer (1969 a) within a crystal of (013) surface 
orientation and [100] stress axis, fatigued at a stress amplitude 
which caused specimen failure after 6-8 x 105 cycles. The type of 
dislocation structure seen in Fig. 5.8 and 5.10 appears similar to 
the intense bands of dislocations observed by Mitchell and Teer 
(1969 a) in crystals of (001) surface orientation and [100] stress 
axis, and to the substructure observed in regions of Al crystals 
which are free from surface deformation markings which were fatigued 
at a stress causing failure at 107 cycles (Mitchell and Teer, 1969 
b). However, in Fig. 5.8 and 5.10 dislocations can be seen to extend 
from the intense bands of dislocations and in some cases cross the 
dislocation free channels, such features are not apparent in the 
micrographs presented by Mitchell and Teer (1969 a, b). 
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Segall and Partridge (1959) have observed structures similar to 
those in Fig. 5.12 after fatigue at low stress amplitudes. In 
addition, Segall and Partridge found a high dislocation density and 
an absence of well-defined wall configurations at these amplitudes, 
and structures similar to those in Fig. 5.15 were found with 
dislocations threading the channels. 
Grosskreutz (1963) has examined the substructure developed in 
polycrystalline Al after various numbers of cycles at a strain 
amplitude of +5x 10-4. The loose tangles of dislocations shown in 
Fig. 5.14 are similar to the structure observed by Grosskreutz after 
2x 105 cycles at +5x 10-4 strain, although in Fig. 5.14 a greater 
number of dislocation loops are apparent and the subgrain boundaries 
of dislocations appear to be less well defined. 
At higher strain amplitudes cell and wall structures have been 
observed in the present work. These results are consistent with 
those of Krejci and Lukas (1971) on Al fatigued at high stress, and 
with those of Grosskreutz (1963). The structures in Fig. 5.18 to 
5.23 are, for example, similar to the elongated and equiaxed 
subgrains observed by Grosskreutz (1963) after 5x 103 and 5x 102 
cycles at +2x 10-3 strain. Krejci and Lukds do not report the 
planes or directions parallel to which the walls in such structures 
lie, however Grosskreutz observed that dislocation walls and walls 
in subgrain structures were parallel to the crystallographic traces 
of low index planes, which is in agreement with the results 
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presented here. 
At both high and low strain amplitudes quite a large number of 
dislocation loops are apparent (more than observed than after room 
temperature fatigue of Cu), which is in agreement with the results 
obtained for Al by Wilson and Forsyth (1958-59,1959), Segall and 
Partridge (1959), Grosskreutz (1963), Grosskreutz and Waldow (1963), 
Mitchell and Teer (1970) and Krejci and Lukas (1971). 
Mitchell and Teer (1969 a, 1970) suggest that PSBs correspond to a 
cellular structure or to tangled dislocation boundaries, and that 
intense dislocation clusters correspond to surface regions which do 
not contain PSBs. Similar observations have been made by Krejci. and 
Lukas (1971) who found that after low amplitude fatigue the cell 
structure beneath PSBs did not form narrow bands in Al as found in 
the case of medium stacking fault energy metals (e. g. Cu). In the 
present work, the structure shown in Fig. 5.7 corresponds to a 
surface in which PSBs were evident. Thus the present work reveals a 
wall structure rather than the cell or boundary structure previously 
reported by Mitchell and Teer and Krejci and Lukas'. 
It should be noted that no clear examples of a matrix structure, PSB 
ladder structure or labyrinth structure, as found in Cu fatigued at 
room temperature, were observed in Al after room temperature 
fatigue, despite the large number of specimens and areas examined. 
The surface PSBs in Al are also found to be very different in 
appearance, being much more irregular and wavy than for Cu. In 
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addition, surface features consisting of cross-hatched markings have 
been found after room temperature fatigue of Al whereas such 
features have not been observed in Cu. 
5.6.3: Low Temerature Fatigue of Al with Ageing at Room 
Temperature 
In Al examined after various ageing periods at room temperature 
following fatigue at 77 K, either matrix type structures or walls of 
dislocations are observed. Walls of dislocations approximately 
parallel to <110>, <100> and <331> (corresponding to {lll}, {010} 
and {331} planes) are observed. In addition, some dislocation walls 
are found to be approximately parallel to <012> and <113>, 
directions and these are found to correspond to {113} planes. The 
formation of such {113} walls during the fatigue of f. c. c. metals 
has been predicted by a recent model for dipolar walls containing 
dislocations of two Burgers vectors (Dickson, Boutin and 
L'Esperance; 1986). In connection, it should be noted that {012} 
wall orientations, which have also been predicted by the model by 
Dickson et al, have been identified in Cu fatigued at room 
temperature at a plastic strain amplitude of 5x 10-3 by Ackermann 
et al (1984). The results on aged material thus reveal structures 
which are more similar to structures observed after low temperature 
fatigue without specimen ageing, than to strucures formed after 
fatigue at room temperature. 
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5.6.4: Low Temperature Fatigue of Al with Ageing at Room 
Temperature Minimized 
The results presented on low temperature fatigue, with specimens 
maintained at as low a temperature as possible at all stages, would 
appear to provide good evidence for the dislocation structures 
produced during low temperature fatigue. This view is supported by 
the point that some important dislocation configurations which are 
closely similar to those observed in Cu fatigued at room temperature 
are found. There is expected to be some dislocation loss and 
rearrangement, but there is no a priori reason to believe that this 
will be greater than in other studies of fatigue using TEM, except 
for the possibility of enhanced dislocation movement due to climb 
caused by the condensation of point defects. 
The observations of Ceresara (1969) on resistivity changes in Al 
fatigued in torsion at 77 K show that a large decrease in defect 
density, corresponding to a reduction of about 50% in the fatigue 
induced resistivity, occurs on annealing up to 300 K. It is likely 
that a major contribution to this resistivity change arises from 
point defect loss. An examination of the channels between the 
regions of high dislocation density in the present work (e. g. in 
Figs. 5.52 and 5.62) reveals a very high density of small loops, a 
higher density than observed in Cu or Al fatigued at room 
temperature. One possibility is that these loops may be from 
vacancies formed during fatigue at 77 K which become mobile at a 
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higher temperature. The condensation of point defects may partly act 
to stabilize the large scale dislocation structures by pinning. 
Another possible explanation for the large numbers of loops observed 
in the channels is related to the ease of dislocation intersection 
in Al, thus the greater number of loops may be attributable to more 
widespread dislocation cutting during fatigue. Alternatively, 
dislocation loops already present, which are formed by fatigue 
deformation, may grow by vacancy condensation and become visible. 
The dislocation structures which have been found after low 
temperature fatigue are not observed when Al is fatigued at room 
temperature. It must therefore be concluded that softening 
mechanisms involving climb, cross-slip and vacancy diffusion must be 
suppressed when the temperature is lowered, resulting in stability 
of the classical wall structure. The point that different wall 
structures are observed after room temperature fatigue suggests that 
matrix and ladder-type structures are not lowest energy structures 
but are metastable, i. e. some wall stuctures are more stable but 
cannot be achieved at low temperatures. 
It is evident from the results presented here that the dislocation 
structures apparent after low temperature fatigue of pure Al are 
very similar to those in other f. c. c. metals of medium and high 
stacking fault energy. However, it should be noted that the results 
described here for Al reveal that a larger number of Burgers vectors 
are active after low temperature fatigue than would be expected in 
Cu after fatigue at room temperature. Although most grains in Al had 
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a <100> foil normal (which would indicate orientations for multiple 
rather than single slip), the stress axis for many grains would not 
in fact have been close to [100]. For such orientations in the case 
of Cu, many grains would show predominantly single slip. This 
suggests that secondary dislocations are able to move more easily in 
Al due to the higher stacking fault energy of the material. This 
enables dislocations to cross-slip and avoid obstacles more easily, 
and the stress required to force secondary dislocations through a 
forest of primary dislocations is lower. 
In many Al grains after low temperature fatigue at strain amplitudes 
less than ct =±1.4 x 10-3, and in a few grains after fatigue at 
this amplitude, matrix structures similar to those found in Cu and 
Ni after room temperature fatigue are found. However the density of 
dislocation loops is higher in Al. Following low temperature fatigue 
at Et =±1.4 x 10-3 usually the matrix type dislocation structures 
observed appeared narrower with a greater channel proportion than 
generally observed after room temperature fatigue of Cu and Ni. 
It should also be noted that in Cu and Ni the ladder wall spacing is 
1.4 u, cm and 1.3 mm respectively after room temperature fatigue 
(Winter et al, 1981; Gai, 1974; Mecke et al, 1982) compared with 
2.8 um in Al after low temperature fatigue. Similarly, considering 
the wall spacing in fully formed labyrinth structures after low 
temperature fatigue of Al the spacing is -2 lm, compared typically 
with 0.75 Mm in Cu (Winter et al, 1981) and 0.78 /An in Ni (Mecke et 
al, 1982) after room temperature fatigue. Hence the respective 
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spacings of similar ladder type and labyrinth type wall structures 
in Al at 77 K are approximately 2 and 2.6 times the values typically 
observed for Cu and Ni at 293 K. In the work on Al, a testing 
temperature of 77 K is 0.08 Tm whereas in the cases of Cu and Ni 
fatigued at room temperature the testing temperatures are 0.22 Tm 
and 0.17 Tm respectively, where Tm is the appropriate melting point 
temperature. Measurements made by Basinski, Korbei and Basinski 
(1980) on the dislocation microstructure observed in Cu after 
fatigue at different temperatures have shown that the spacing in the 
wall structures decreases with decreasing temperature. For Cu it was 
found that the wall spacings in the ladder structures were 0.7 /gym 
and 0.45 Pm after fatigue at 77 K and 4.2 K respectively. 
The results here suggest that in Al the wall spacing in the ladder 
structure is approximately four times as large as in Cu at 
equivalent temperatures (77 K). If the scale of the structure 
depends on the length of screw dislocations which can be moved 
through the channels, at the applied (saturation) fatigue stress, 
then the scale can perhaps be related to stacking fault energy. For 
higher stacking fault energy materials the passing distance for 
screw dislocations is larger (Mughrabi, 1979). It has been suggested 
by Watt and Ham (1966) and Hancock and Grosskreutz (1969) that the 
wall spacing should be related to the flow stress. Strong support 
for these suggestions is indicated by the work of Kwadjo and Brown 
(1978) who have compared results obtained on magnesium with Cu and 
Ni. Kwadjo and Brown (1978) assume that the flow stress is the 
saturation stress, and for saturation stresses of 2 MPa and 7.4 Mpa 
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(corresponding to testing temperatures of 0.33 Tm and 0.08 Tm 
respectively) the wall spacing in magnesium is found to decrease 
from 8 Mn to 2 Mn. In Cu and Ni tested at room temperature, the 
saturation stresses are 30 MPa and 55 MPa respectively and the wall 
spacings are found to be 1.4 i. a and 1.3 Mn repectively (as noted 
above). Thus Kwadjo and Brown conclude that the wall spacing and 
saturation stress are stongly temperature dependent and this can 
only reflect the temperature dependence of the cross-slip of screw 
dislocations. Another factor contributing to the variation of wall 
spacing and saturation stress with testing temperature is the 
intersection of dislocations on different systems and with "debris" 
such as small loops. It should be noted that ladder type structures 
were infrequently observed in Al and were found to be more irregular 
than those found in Cu, Ni or Mg after room temperature fatigue. A 
tendency for ladder type structures in Al to readily form cell 
structures, indicating that ladder type structures are not very 
stable, is also apparent after the low temperature fatigue of Al. 
These points may be related to the ease of movement of secondary 
dislocations in Al whereas the formation of classical wall structure 
requires predominantly one Burgers vector. In some cases, walls in 
structures which approximate to ladder structures in Al have been 
found to be approximately parallel to {113} planes, i. e walls of the 
type predicted by Dickson et al (1986). Such walls have also been 
observed in Al subjected to ageing after fatigue, as noted 
previously. 
After low temperature fatigue of Al, in similar types of <100> 
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labyrinth walls which are not fully formed the channel width 
decreases by a factor of approximately three with increasing strain 
amplitude in the range Et =+8x 10-4 to + 1.4 x 10-3. In regions 
exhibiting such features, the structure often has areas which are of 
hollow box-like appearance, with pairs of parallel dislocation walls 
enclosing square dislocation free areas. Thus there are indications 
of a hard shell enclosing a soft inner core, which is consistent 
with the suggestion by Kuhlmann-Wilsdorf and Laird (1977) that an 
accumulation of point defects causes softening of relatively hard 
wall interiors. Comparing channel widths in the labyrinth structure, 
which is not fully formed, with that in the fully formed structure 
after fatigue at Et =+1.4 x 10-3, it is found that the width in 
the latter is about three times as large as in the former. 
In areas exhibiting labyrinth walls in Al, significant deviations 
from {100} planes were often observed. In addition, more than two 
Burgers vectors are often found in the {100} walls. In areas 
exhibiting (010) type walls only, the walls are found to be 
non-uniformly narrow, and there is evidence of channels forming 
within holes in the walls. Non-uniformity of (001) walls in [001] Cu 
single crystals fatigued at room temperature is also apparent, the 
deviations from (001) tending to result in short dislocation wall 
sections perpendicular to these walls (Jin and Winter, 1984 b). 
In view of the large number of Burgers vectors active in Al after 
low temperature fatigue, the labyrinth and cell structures may form 
more readily in Al and the simple well defined classical PSB 
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stucture might not form. The testing technique itself cannot be a 
reason for this, since well-defined PSB wall structures have been 
found in [125] orientation Cu specimens fatigued at room temperature 
by Razzak (1987), after using the same testing technique as in the 
present work. It should be noted that Jin and Winter (1984 b) only 
observed many Burgers vectors in labyrinth structure in [001] Cu 
single crystals after room temperature fatigue, where the labyrinth 
walls were each found to consist of two different Burgers vectors. 
On the contrary, for Al, in many cases the specimen stress axis 
would not have been close to [001]. Furthermore, for Cu labyrinth 
structures were found to be an effective barrier against the 
formation of normal PSB structures, especially in the areas 
containing predominantly one set of dislocation walls, since only a 
small number of PSB ladders were observed, and these occurred only 
in regions containing both longitudinal and transverse walls. 
The lattice type structure has not been reported in Cu or Ni at the 
present time. It is possible that it would be more unlikely to form 
in these metals if the observed difference in the spacing of the 
dislocation structures is taken into account, and if it is assumed 
that the dislocation clusters themselves would remain relatively 
constant in size. If the clusters begin to overlap the structure 
would be expected to be unstable. 
The occurrence of the lattice type structure would appear to depend 
on the presence of significant numbers of dislocations with four 
distinct Burgers vectors. It seems likely that a tensile axis with 
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an orientation very close to [010] is required. The observed surface 
structure can be understood as the result of an extrusion process in 
which the regions surrounding the clusters are relatively soft. Thus 
a square lattice of approximately circular depressions is observed 
on the surface. 
The approximately circular patches of dislocations in the lattice 
type structure are found to be a three dimensional array, since on 
tilting from B= [001] to B= [011] the cluster image projections 
are found to satisfy a face centred cubic structure. The regularity 
of projection of a two dimensional array would not be orientation 
dependent. These observations suggest that the cluster arrangement 
corresponds to spherical groupings of dislocations, and since the 
array is three dimensional not all clusters are in the surface. It 
shoud be noted that similar observations of a void array in 
molybdenum (resulting from particle bombardment) which forms a body 
cented cubic lattice have been reported by Evans (1971). The regular 
arrangement of symmetrical groupings on a lattice strongly suggests 
that a low energy dislocation configuration is formed in which a 
repulsive interaction between clusters plays a prominent role. This 
repulsion could arise in part from the local dilatation due to the 
localized high densities of dislocations such as suggested by 
Charsley and Kuhlmann-Wilsdorf (1981). 
Finally, considering optical micrographs of surface structures after 
low temperature fatigue of Al, it is clear that at all strain 
amplitudes the irregular wavy surface PSBs which are apparent after 
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fatigue at room temperature have not been observed in the present 
study. However, Mughrabi (1985) has reported "bulgy" extrusions in 
Al single crystals fatigued at 77 K for 6x 103 cycles at a shear 
strain amplitude, Ypl, of 2x 10-3. It is important to note that the 
surface corresponding to the areas exhibiting labyrinth structure 
after fatigue at 77K appears featureless. This may be understood in 
view of the fact that the labyrinth structure is a much more 
"homogeneous" dislocation arrangement than a set of PSB ladders or 
cells in a matrix. Also, since slip occurs on more than one system 
in labyrinth prominent extrusions would not be expected. Areas 
exhibiting cross-hatched surface markings after fatigue at 77K do 
resemble structures found after room temperature fatigue of Al. 
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CHAPTER 6 
FATIGUE OF INDENTED SINGLE CRYSTALS 
6.1: Introduction 
Single crystals of Al with several different orientations have been 
annealed, indented (with a separation between indentations of - 33 
d) and then fatigued at a low amplitude. The PSB distributions which 
have developed near the indentations have been examined and are 
presented. For most crystal orientations both S and D type 
indentations (i. e. either indentation edges or diagonal respectively 
parallel to the specimen tensile axis) have been examined. The 
influence of the crystal orientation, the indentation size, and the 
effects of annealing and polishing treatments are described. The 
fatigue slip distributions near indentations for one particular 
orientation, C3, are examined in detail. 
Notation used to identify indentations is in terms of the crystal 
orientation, the indentation number and type (S or D type), and 
whether the indentation is unannealed (U) or annealed (A). Thus, for 
example, indentation number 6 in crystal C7 which is of S type and 
is unannealed, is identified as C7.6SU. Regions near the 
indentations are defined by an r, e coordinate system as illustrated 
in Figs. 4.3 a, b. The direction of the specimens' tensile axes 
(corresponding to to shown in the standard stereographic triangle in 
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Fig. 4.2 b) are denoted by t on micrographs presented in this chapter. 
6.2: Experimental Results 
6.2.1: Crystals of Orientation C7 
Figs. 6.1 a-6.2 c are optical micrographs which show the effects 
of fatigue near S type indentations in C7 after N=1.6 x 103 cycles 
using wheel W1, and after N=6.5 x 103 using W2 (the values of the 
strain amplitudes corresponding to various wheels are given in Table 
4.3). No PSBs have nucleated after fatigue using W1, and PSBs were 
first observed near all indentations after 6.5 x 103 cycles using 
W2. Furthermore, PSBs have not nucleated within the indentation pits 
nor directly at their edges after N=6.5 x 103 using W2. In general 
near all indentations the closest group of PSBs occurs in the 
angular region ez 160' - 240' at r tt d. A second group of PSBs 
occurs in the angular region - 10' - 40' at r-2.5 d for 
indentations C7.3SU and C7.6SU. The angular regions 260' - 10' and 
40' - 150' near C7.3SU are essentially free of PSBs except for an 
isolated PSB at e= 100', r_1.5 d (see Fig. 6.1 b). Similarly near 
C7.6SU, the angular regions 40' - 150' and 240' - 10' are free of 
PSBs except for the two groups of PSBs at ez 260' and ez 290' at r 
1.2 d (see Fig. 6.2 b). 
SEM micrographs showing the details of PSBs near C7.3SU and C7.6SU 
are shown in Figs. 6.3 a-6.4 b. 
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The slip bands apparent near indentations in C7 correspond to (111) 
slip planes (i. e. the cross slip plane). 
6.2.2: Crystals of Orientation CIO 
Figures 6.5 a to 6.8 show the effects of fatigue after 1.05 x 104 
cycles and 1.25 x 104 cycles, using W2, near unannealed and annealed 
(annealing temperature 425'C) indentations in C10. 
Fatigue slip bands were first observed after 1.05 x 104 cycles using 
W2 near the unannealed indentation Cl0.2SU at e= 350' - 90' and 
150' - 210'. Some of the slip bands initially apparent after N= 
1.05 x 104 have developed to form more pronounced PSBs with 
continued cycling to N=1.25 x 104. Furthermore, at this latter 
cycle level PSBs have also formed in areas which appear free from 
slip markings at the lower cycle level, for example the PSBs 
developed at e- 220', rz4d near C10.2SU. It is clear that after 
N=1.25 x 104, no PSBs are formed in the angular regions 120'-135' 
and 280'-320' near the unannealed indentation Cl0.2SU. Outside these 
regions PSBs form at distances ranging from 2.4 d- 11.1 d. 
Near the annealed indentation C10.3SA PSBs are not apparent after N 
= 1.05 x 104, and are first observed after 1.25 x 104 cycles using 
W2. In general, no PSBs form closer than 1.1. d except at e= 130', 
where a PSB occurs at r-0.8 d. PSBs appear to be present in all 
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other radial regions around the indentation. 
The slip bands apparent near indentations in C10 correspond to (111) 
slip planes (marked D on Fig. 6.5 a) and (111) slip planes (marked C 
on Fig. 6.5 a) i. e. cross and conjugate planes respectively. 
Again PSBs have not nucleated within the pit or directly at the pit 
edges in any case, as clearly revealed by the SEM micrographs Figs. 
6.7 and 6.8. 
6.2.3 (i): Crystals of Orientation Cll 
Figs. 6.9 a-6.10 b are optical micrographs of the PSB 
distributions developed near annealed and unannealed indentations in 
Cll. For annealed indentations in this crystal a higher annealing 
temperature (550'C) was used than for those in C10. Both S and D 
type indentation orientations were investigated. PSBs were first 
observed after N=2x 103 cycles using wheel W1. It was not 
possible to continue fatigue of this crystal after N=2x 103 due 
to deformation of the narrow end of the crystal on continued 
cycling. 
Near both the S and D type unannealed indentations in Cli PSBs are 
closest in the angular region 150' - 210' at r-0.7 d. These PSBs 
extend out to r>6.5 d. The angular regions - 230' - 110' appear to 
be free of PSBs near Cll. 7DU, whereas near Cll. 5SU PSBs are apparent 
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in all angular regions and some relatively short and deep PSBs are 
seen, for example, at: e=0- 20' at r=2.4 d and 3.1 d; e= 160' 
- 200', r=1.2 d; e= 330' - 340', r=4.4 d (see low magification 
micrographs Figs. 6.10 a and b). In the angular region 330' - 20' 
the closest PSBs near C11.5SU are at a=0, r. 2d. 
Near the annealed S type indentation, C11.4SA, PSBs are also found 
in all angular regions around the indentation, and the most 
prominent PSBs in this case are longer and straighter than those 
seen near the unannealed S type indentation. The closest PSBs are at 
e= 260' where a PSB appears to approach the indentation edge and is 
apparent at r= d/4. Near the annealed D type indentation, Cll. 6DA, 
PSBs are apparent in the angular region e= 120' - 290' and are 
closest at e= 180' at r tt d. 
PSBs apparent near unannealed and annealed standard size 
indentations in C11 correspond to slip on (111) (cross slip) planes 
and are marked D on Fig. 6.9 a. 
PSBs do not appear to have nucleated within the indentation pits for 
either S or D type unannealed, or for annealed D type, indentations. 
However it should be noted that PSBs appear to be present within the 
annealed S type indentation, C11.4SA. 
6.2.3 (ii): Influence of Indentation Size in Crystal of Orientation 
C11 
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Examples of unannealed indentations with d= 74 um and 107 Mm i. e. 
approximately 1.3 and 1.8 times the usual indentation diagonal 
length were used to investigate any effects which might arise due to 
indentation size. 
The effects of indentation size are shown by the optical micrographs 
Figs. 6.11 and 6.12 and SEM micrographs 6.13 a, b. Slip produced by 
indenting is evident at e= 80' - 120' from the indentation edge out 
to r- 2/3 d, and at e= 240' - 280' and 350' - 20' out to r. d/2. 
The slip markings due to indenting correspond to slip on (111) 
planes (i. e. primary planes, marked B on Fig. 6.11) and to slip on 
(111), (111) and (111) planes (i. e critical, conjugate and cross 
planes, denoted A, C, and D respectively on Fig. 6.12). Fine slip 
bands formed during fatigue can be seen in all angular regions near 
C11.10SU, and the occurrence of slip on two slip planes is evident. 
Slip bands corresponding to slip on (111) planes are denoted C and 
bands corresponding to (111) planes are denoted D. The closest 
fatigue slip bands near Cl1.1OSU are at e= 180' at r=1.5 d. 
Slip due to indenting is apparent within the unannealed S type 
indentation, Cll. 1SU (Fig. 6.13 a), but again after fatigue PSBs 
have not nucleated within the indentation pits for either C11.1OSU 
or C11.1SU as shown by the SEM micrographs (Figs. 6.13 a and b). 
6.2.4: Crystals of Orientation C6 
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Figs. 6.14 a and b are optical micrographs of slip produced by 
indenting the crystal of orientation C6. Details of these slip bands 
are shown on the SEM micrographs Figs. 6.15 a and b. The slip bands 
correspond to slip on the (111) plane, denoted D on Fig. 6.14 a. It 
is evident that the sides of the indentations are bowed inwards, 
forming the pincushion shape characteristic of indentations made in 
annealed materials. 
Figs. 6.16 a-6.19 c are optical micrographs which show the effects 
of fatigue near indentations in C6 after N=2x 103,4 x 103 and 8 
x 103 cycles using wheel Wl. All indentations examined were of S 
type orientation. The PSB distributions near two unannealed 
indentations, one of which was polished to remove appoximately 6 Um 
from the surface after indenting, and near two annealed (annealing 
temperature of 550'C) polished-back indentations are presented. 
Considering the unannealed indentation C6.5SU, slip bands apparent 
after N=2x 103, W1, develop with increasing cycling, the first 
PSBs being observed after N=4x 103 cycles using Wl in the angular 
regions - 315' - 110' and 170' - 285'. After N=8x 103 there are 
PSBs in most angular regions around the indentation, with the 
closest PSBs in the angular region 290' - 350' at r=0.7 d. PSBs 
extend out from regions close to the indentation to distances of > 
6 d. Regions which seem to be relatively free from surface slip 
markings near C6.5SU are e tt 305' - 315' and 155' - 165'. Near 
C6.11SU, which was not polished-back after indenting, only very fine 
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slip is apparent in the region around the indentation at all stages 
of fatigue cycling. 
Near annealed indentations, C6.4SA and C6.6SA, in C6, again it is 
clear that PSBs which have nucleated in most regions after N=4x 
103, W1, become more pronounced with increased cycling. After N=8 
x 103, W1, PSBs are seen in all angular regions around the 
indentations with the closest PSBs at 0.7 d in the angular region 
190' - 30'. These PSBs extend radially outwards to >6d. 
The PSBs developed near indentations in C6 following fatigue at low 
amplitude correspond to slip on the (111) (cross slip) plane, 
denoted D on Fig. 6.16 a. Slip due to indenting on all types of 
{111) plane, with an approximately uniform slip distribution, is 
found near C6.11SU. 
SEM micrographs of PSBs developed after N=2x 103 and 6x 103, W1, 
near indentations in C6 clearly show that no PSBs are formed within 
either unannealed or annealed indentation pits for this crystal 
orientation (see Figs. 6.20 a-6.23 b). 
6.2.5 (i): Crystals of Orientation C3 
The slip distribution produced by making S and D type indentations 
in a crystal of orientation C3 is shown in Figs. 6.24 a to d. Slip 
corresponding to (111) and (111) planes (cross and primary slip 
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planes respectively) can be seen, and is denoted D and B 
respectively on these figures. Again the indentations have the 
characteristic pincushion shape. 
An example of PSBs developed near the narrow end of the crystal is 
shown in Fig. 6.25 after 2x 104 cycles, using the lowest amplitude 
wheel, W0. These PSBs correspond to slip on the (111) plane. PSBs on 
(111) and (111) slip planes (denoted D and B respectively) near edge 
tl are found after 7x 103 cycles, W1, (see Fig. 6.26). After 8x 
104 cycles using W1, a typical example of PSBs developed at 1= 12.7 
mm, 0=0.5' (which correspond to slip on the (111) plane), is shown 
in Fig. 6.27. PSBs on two slip planes, (111) and (111) (denoted D 
and B), are apparent after fatigue under these conditions at 1= 31 
mm , -0 = 1.2' (see Fig. 6.28). 
A low magnification SEM micrograph of PSBs which correspond to slip 
on the (111) plane, developed near edge tl at the wide end of C3 is 
shown in Fig. 6.29 a, and the "wavy" appearance of these PSBs is 
evident from Fig. 6.29 b, which is at higher magnification. 
The development of PSBs with increasing cycles up to 8x 104 using 
wheel W1 near unannealed and annealed indentations in C3 is shown at 
low magnification in Figs. 6.30 a-6.37 c. 
Considering the S type unannealed indentations, the first PSBs 
nucleated after 2.2 x 104 cycles using W1 in the angular region 250' 
- 20' near C3.2SU. After 8x 104 cycles at this strain amplitude, 
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there are PSBs in all angular regions around the indentations C3.2SU 
and C3.6SU, and these extend outwards to >6d. The closest PSBs 
have formed in the angular region a= 310' - 340' at - 0.9 d. 
Intense slip bands correspond to slip on (111) slip planes (marked B 
on Figs. 6.30 a and 6.31 a). Figs. 6.30 a-c show that with 
increasing numbers of fatigue cycles, short fragmented bands 
initially apparent join up and then deepen. Some slip is also 
apparent on (111) slip planes (marked D on Figs. 6.30 a and 6.31 a). 
Near annealed S type indentations similar distributions of PSBs have 
developed, however one group of PSBs in the angular region 80' - 
190' has developed earlier in comparison with those near unannealed 
S type indentations, being first apparent after 2.2 x 104 cycles 
using W1. After N=8x 104 cycles, the closest PSBs are at e= 10' 
- 40' near C3.1SA where one PSB can be seen at 0.5 d. Slip on two 
systems, again corresponding to (111) and (111) slip planes, is 
apparent near C3.1SA. 
Examples of unannealed D type indentations are C3.4DU and C3.8DU. 
The first PSBs are observed after 2.2 x 104 cycles using W1 in the 
angular region 235' - 25' near C3.4DU. After N=8x 104 at this 
strain amplitude, PSBs are again apparent in all angular regions 
near C3.4DU, although PSBs are more intense in the angular regions e 
= 240' - 30' and 50' - 230'. The closest PSBs are at r=0.7 d in 
the angular region 290' - 350'. The PSBs extend outwards to >6d. 
However, near C3.8DU there are regions exhibiting fine slip only in 
the angular regions 170' - 230' and 20' - 50', moreover the PSB 
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length does not extend further than 3 d. 
Considering the annealed D type indentations, the first slip bands 
are observed in the angular region 220' - 10' near C3.3DA after 2.2 
x 104 cycles using W1. After 8x 104 cycles, the closest PSBs have 
formed at r=0.5 d, e= 20' - 30' for C3.3DA, and at r=0.7 d, e 
= 270' - 350' for C3.7DA. PSBs are seen in all angular regions 
around these indentations after fatigue at the latter cycle level, 
and extend outwards to >6d. 
PSBs corresponding to slip on the (111) plane are also apparent near 
unannealed and annealed D type indentations. It should be noted that 
although PSBs corrseponding to slip on the (111) plane can be seen 
near the unannealed D type indentations, these are not apparent near 
the annealed D type indentations. 
Considering the PSBs developed near annealed and unannealed 
indentations of either S or D type orientations, there are 
similarities in the distributions developed, however PSBs are 
generally more pronounced near both types of annealed indentations 
in comparison with unannealed indentations of each type. 
Comparing the PSB distributions developed near S and D type annealed 
indentations, some differences are apparent: it is clear that PSB 
development is more pronounced near S type indentations than near D 
type indentations at any given cycle level; in addition, PSBs form 
closer to such S type indentations over greater angular regions. 
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Moreover, considering non-primary slip, differences are apparent 
between S and D type indentations for both annealed and unannealed 
cases. Slip on (111) planes is more pronounced near unannealed D 
type indentations after N=8x 104, than near S type unannealed 
indentations. For annealed indentations, slip on this plane is 
clearly only apparent near S type indentations and is not seen near 
D type indentations. 
Slip which corresponds to slip on the (111) slip plane seems to be 
of the non-propagating type as described by Charsley and White 
(1987), and does not appear to increase in length with continued 
fatigue cycling. PSBs which correspond to slip on the (111) slip 
plane appear to be of the propagating type and PSB length increases 
with increasing numbers of fatigue cycles. 
Higher magnification optical micrograph examples of PSB development 
with increasing numbers of fatigue cycles near selected 
indentations, C3.6SU, C3.5SA, C3.4DU and C3.3DA, are shown in Figs. 
6.38 a-6.41 d. 
Details of the PSBs developed near indentations in C3 indicating 
their "wavy" appearance after N=8x 104, W1, are shown in the SEM 
micrographs Figs. 6.42 a-6.42 h, and in one case, for C3.2SU, at 
higher magnification in Fig. 6.43. 
It is clear from the higher magnification optical micrographs and 
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the SEM micrographs presented here that PSBs are not found within 
any of the indentation pits in any of the cases examined. 
6.2.5 (ii): Fatigue Slip Near Etch Pits in Crystals of Orientation 
C3 
PSBs were also found to develop near etch pits. An example of this 
is shown in Fig. 6.44 a, for an etch pit of - 20 uni diameter, at 1= 
12.7 mm, 0= 12.8'. PSBs corresponding to slip on (111) and (111) 
planes are marked B and D respectively on this figure. Slip 
corresponding to slip on (111) planes is clearly less well defined 
than that corresponding to slip on (111) planes. The SEM micrograph 
6.44 b reveals that at e= 100' the extension of a PSB within the 
etch pit is apparent. 
6.3: Brief Summary of Experimental Results 
Characteristic fatigue slip band distributions which are dependent 
on crystal orientation were developed near both unannealed and 
annealed indentations in Al crystals fatigued in reverse-plane 
bending. The first PSBs nucleated between 2x 103 to 4.2 x 104 
cycles of fatigue (using either wheel W1 or W2) for all crystal 
orientations tested. In general, the effect of annealing 
indentations was either to cause PSBs to form closer to indentations 
and over greater radial regions, or to be more pronounced. However, 
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PSBs were very rarely (on one occasion only) observed to occur 
inside annealed indentation pits. PSBs of the long propagating type 
were usually observed near indentations in crystals of all 
orientations, however short non-propagating PSBs were observed only 
near indentations in crystals of orientation C3. The PSB 
distributions were often found to extend to large distances from the 
indentations. The influence of indentation size was examined for 
indentations with diagonal lengths of 1.3 and 1.8 times the standard 
indentation diagonal length. The effect of larger indentations was 
to result in indentation slip on all {111} slip planes, although 
during fatigue only fine slip markings were developed in the area 
around the indentations. Some differences in PSB development near S 
and D type annealed indentations have been observed, and also 
differences in the non-primary slip developed near both indentation 
types for unannealed and annealed cases have been found for one 
crystal orientation. Finally, near etch pits similar pronounced PSB 
distributions as those developed near indentations were found, and 
in addition PSBs were clearly seen to extend within etch pits. 
6.4: Discussion 
Following low amplitude fatigue, characteristic intense slip 
distributions are formed near indentations in Al, and the PSB 
distribution clearly varies depending on the crystal orientation. In 
Cu, an orientation dependence of the characteristic PSB 
distributions developed near indentations is also found (White, 
107 
1984; Charsley and White, 1987). It should be noted that generally 
for Al crystal orientations, unlike Cu, the effect of indenting was 
often to cause fatigue slip bands to occur at, and to extend over, 
large distances from the indentation centres, the indentation thus 
causing PSBs not to be formed in the immediate region around the 
indentation pit itself. Hence regarding the effect of indenting 
single crystals there appear to be two counteracting effects; 
localized hardening around the indentation, and enhancement of PSB 
initiation during low amplitude fatigue. In Al the localized 
hardening effect is much greater than in Cu and the enhancement of 
PSB initiation is weaker than observed in Cu. 
From the results presented here, it is evident that PSBs occur much 
closer to unannealed indentations in crystals of orientation C7, 
with PSBs apparent at rzd, than in crystals of orientation CIO. 
Near unannealed indentations in C1l, C6 and C3 PSBs are observed to 
initiate in the range 0.7 d to greater than 6 d, (the indentations 
themselves are separated by a distance of about 33 d). In 
comparison, in Cu PSBs were found to initiate readily in the range 
d/2 <r< 3d/2 (White, 1984) i. e. PSBs were found to occur closer 
to, and in a more limited region near, indentations in Cu than is 
usually observed in Al for the range of crystal orientations 
investigated. It should be noted that for Al the final strain 
amplitude used was either ct =2x 10-4 or 4x 10-4, whereas for Cu 
the final amplitude used was either et =8x 10-4 or 9x 10-4. In 
particular, comparing Al and Cu crystals of similar orientation 
(crystal C11 and the Cu crystal with to - 20' from [001]), PSBs were 
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observed at distances in the range 0.7 d to > 6.5 d for Al, and in 
the range 0.5 d to 0.9 d for Cu. In this case the indented Al 
crystal (Cll) was fatigued at a lower plastic strain amplitude than 
the Cu crystal of similar orientation. 
Near unannealed S type indentations in C7 and near unannealed S type 
indentations in C10, there are reproducible angular zones which are 
free or nearly free of PSBs, although in C10 PSBs occur over a 
greater angular region than in C7. In Cli, near both D type 
indentations there are also angular regions which are free of PSBs. 
Similarly, PSB free angular zones were observed near indentations in 
Cu (Charsley, Puttick and White, 1981; White, 1984; Charsley and 
White, 1987). It should however be noted that PSBs are generally 
apparent in all angular regions around indentations for S type 
unannealed and annealed indentations in Cli (except near Cli. 1SU and 
Cll. lOSU where fine slip lines are apparent in all angular regions), 
annealed S type indentations in C10, and also near indentations in 
C6 (apart from C6.11SU where only fine slip is observed) and C3. 
Characteristic PSB distributions are also developed in Al near 
indentation pits which have been polished back by various amounts. 
This is also found to occur in Cu (White (1984), Charsley and White 
(1987)). 
In Cu two distinct types of PSBs are found near indentations 
following fatigue. These consist of bands which continue to lengthen 
throughout the test, and very short non-propagating bands which form 
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in groups. The occurrence of these very short bands is very 
dependent on crystal orientation (Charsley and White, 1987). In Al 
bands were, for most crystal orientations, found to be exclusively 
of the propagating type. It was only in C3 that groups of short 
bands were observed, and these bands were very fine and less well 
defined than those typically found in Cu. In Cu, crystals which 
exhibited short non-propagating bands were mainly those orientations 
with to 12' from [011] and 17' from [001], whereas the Al crystal C3 
was of similar orientation to a Cu crystal with to - 22' from 
[011]. 
With regard to the effect of annealing treatments, similar PSB 
distributions are developed near unannealed and annealed 
indentations in Al after a given number of fatigue cycles, although 
some differences between the distributions for these two cases are 
found. Comparing annealed and unannealed indentations in C10 and C3, 
and S type indentations in Cll, PSBs are apparent closer to annealed 
indentations, and are either observed over greater angular regions 
(ClO) or are more pronounced (C3, Cli), than for unannealed 
indentations. Near annealed indentations in Cli PSBs appear to be 
longer and straighter than those near unannealed indentations. Near 
these annealed indentations in C3, C10 and C11 the closest PSBs 
usually form at a distance r> d/2 in all cases except near the 
annealed S type indentation in Cli where PSBs have nucleated at 
d/2 (see Fig. 6.9 c) and also near some D and S type annealed 
indentations in C3 where PSBs are apparent at d/2 (see Fig. 6.32 c 
and 6.36 c). Near S type annealed and unannealed indentations in C6 
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the closest PSBs form at the same distances in each case. Near D 
type indentations in Cli the closest PSBs form near unannealed 
indentations (see Fig. 6.9 b). Similar observations, where 
localization of slip band formation remains after annealing, have 
been made near annealed indentations in Cu. It should be noted that 
near annealed Cu indentations PSBs were found to nucleate at the 
indentation edges, although this was not observed near unannealed Cu 
indentations. 
PSBs were not observed within either annealed or unannealed 
indentations in Al for any crystal orientation apart from Cll. In 
the crystal of orientation Cli, PSBs were observed only within the 
annealed S type indentation pit which had been annealed at 0.88 Tm 
(where T. is the melting point temperature of the material). 
However, for annealed S type indentations in Cu crystals of 
orientations with to 12' from [111] , PBSs were frequently observed 
at an early stage within the indentation pit for indentations which 
were annealed at 0.87 Tm (White, 1984; Charsley and White, 1987). 
In Cu, larger indentations were found to result in the earlier 
formation of PSBs, although the distribution of fatigue slip bands 
developed was closely similar to that near a standard size 
indentation. Such an effect has not been observed in Al, in fact 
near larger indentations (Cll. 1SU and Cll. lOSU) only very fine slip 
bands have been observed, although slip on more than one slip plane 
is found near such indentations. 
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Near etch pits in Al, PSB distributions similar to those found near 
indentations were developed, however PSBs are apparent at the edges 
and within the etch pit in C3, whereas no PSBs have been observed 
within the indentation pits for this crystal orientation. In 
comparison, although fatigue slip bands near etch pits in Cu were 
found to nucleate at the pit edges at e= 90', the effect was found 
to be much less extensive than that which occurs near indentations. 
Thus much more pronounced PSBs are observed near etch pits in Al 
than observed in Cu. 
Regarding similarities in the crystal orientations used in this 
study for Al and those used by White for Cu (White, 1984; Charsley 
and White, 1987), orientation C3 is close to a Cu crystal with to 
22' from [011], and orientation Cil is close to a Cu crystal which 
had to - 20' from [001]. Crystals orientations successfully tested 
for Cu were those which had an angle between the surface normal and 
the primary slip direction ý 59'. For the Cu crystal with to - 22' 
from [011] this angle was less than 59', hence White found that the 
crystal was unsuitable for the fatigue testing system due to 
permanent distortion of the crystal after fatigue cycling at a total 
strain amplitude of Et =8x 10-4. On the contrary, the Al crystal 
of orientation C3 was successfully fatigued to 8x 104 cycles using 
wheel W1 (Et =2x 10-4), which resulted in prominent PSB formation 
as outlined in sections 6.2.5 (i) and 6.2.5 (ii). Comparing the 
crystal of orientation Cli for Al with the Cu crystal of similar 
orientation investigated by White (1984), clear differences in the 
PSB distributions developed are apparent. In the crystal of 
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orientation Cli propagating PSBs only were developed parallel to the 
cross slip planes, whereas in Cu crystals short non-propagating 
bands were formed parallel to the critical plane and long 
propagating bands were developed parallel to the primary plane. 
Comparing the same type of indentation (unannealed D-type) in Al 
crystals of orientation C11 with those in Cu crystals of similar 
orientation, PSBs are not apparent in the angular region a- 230' - 
110' for the former, whereas for the latter PSB free regions occur 
at e- 90' - 150' and 270' - 300'. It should be noted that 
differences in the PSB distributions developed near unannealed and 
annnealed indentations were apparent for Al crystals of orientation 
Cli (as outlined above and in section 6.2.3 (i)), however for Cu 
crystals of similar orientation no significant differences were 
observed between the distributions near annealed and unannealed 
indentations. This may be due to differences in the annealing 
temperatures used for the two materials in this case; for Al, 
annealed indentations were annealed at a temperature of 0.88 Tm 
whereas in Cu the annealing temperature used was 0.72 Tm. Finally, 
in Al crystals of orientation Cli the first PSBs appeared after 2x 
103 cycles using wheel W1 and on continued fatigue cycling 
deformation of the narrow end of the crystal occurred, whereas in Cu 
crystals of similar orientation no fatigue slip bands were observed 
until 2x 104 cycles (at a total strain amplitude of Et =9x 10-4) 
and cycling was continued to 6.1 x 104 cycles without crystal 
deformation. It should be noted that the value plastic strain 
amplitude used to fatigue the Al crystal Cll was less than that used 
in the case of the Cu crystal of similar orientation. 
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In conclusion, it is apparent that indentations in Al clearly affect 
the nucleation of PSBs. Considering, for example, Figs. 6.42 a-h 
(crystal C3) the indentation does appear to be a determining factor 
for the formation of PSBs: despite the point that PSB arrangements 
are not identical near the various indentations, certain PSBs occur 
in almost the same position in relation to the pit for all cases 
(e. g. those PSBs occurring at positions corresponding to the angular 
regions 240' - 350' and 100' - 170'). Some similarities in crystal 
orientation effects for Al and Cu specimens are found, since in both 
materials propagating PSBs occurred near indentations in crystals of 
all orientations, and the occurrence of the short non-propagating 
bands was very dependent on crystal orientation. Nevertheless 
considerable differences exist between PSB formation near regions of 
surface damage in Al compared with Cu, as outlined above. 
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CHAPTER 7 
TEM OF DISLOCATION STRUCTURE NEAR INDENTATIONS IN AL 
7.1: Introduction 
Initially, the dislocation structures produced near unannealed 
indentations made within a single grain in polycrystalline Al are 
examined. In one case, a detailed study of changes in the 
dislocation structure as a function of distance from the indentation 
centre is made. In addition, the dislocation structure observed near 
the edge of an unannealed indentation in a single crystal of Al is 
examined. The types of dislocation structures observed within 
indentations which have been annealed in polycrystalline material 
are then considered. Subsequently, a comparison between the 
structures near unannealed and annealed indentations within a single 
grain in polycrystalline Al is made. Finally, the combined effects 
of indentation followed by fatigue on the resulting dislocation 
structure are investigated. 
It has been possible to study the dislocation structure at various 
depths within indentations by examining foils with perforations 
which extend to different depths within the indentation pits, or 
which have been electropolished thus removing some thickness of the 
original surface. For a number of areas around various 
indentations, determination of the indices of the planes of the 
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observed dislocation walls and boundaries have been made (where 
appropriate) using the method outlined in section 5.6.1. 
Many of the indentations examined have been made in polycrystalline 
Al grains which have [0011 surface normals. This enables any effects 
on dislocation microstructure due to indenter orientation to be 
examined, and permits the dislocations observed experimentally to be 
compared with slip systems predicted by the Dyer model for 
indentation (Dyer, 1965) which has been outlined in section 3.3. 
With regard to identifying indented polycrystalline specimens, 
indentations are denoted by the foil number (Fn) and the indentation 
number (x), thus indentation number 1 in foil 7 is referred to as 
F71. 
7.2: Experimental Results 
7.2.1 (i): Unannealed Indentations in Polycrystalline Al 
Fig. 7.1 is an optical micrograph of the unannealed indentation made 
in specimen F71 on which the positions of areas within the 
indentation pit examined by TEM are denoted A, B and C respectively. 
The original indented surface is present for this specimen, and the 
areas examined within the indentation are at a depth of 3.7 IAm below 
the specimen surface. A typical example of cell structures and some 
regions exhibiting Moire fringes found in area A is shown in Fig. 
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7.2. Changes in contrast across the cell walls are also apparent. An 
additional example of such cell structures is shown in Fig. 7.3 
(Area B). Burgers vector analysis of area B revealed that 
dislocations marked e which extend from the cell walls have b= 
3i[Oll]. Burgers vector analysis was also carried out for region C 
(Fig. 7.4) and this showed that dislocations extending from the cell 
walls, denoted f, have b= 34[011]. Dislocations marked n and p have 
Burgers vectors b= 3i [ 110 ] or 3i [ 101 ] and b= M[110) or M[10i] 
respectively. The cell structures found in all areas are usually 
elongated in appearance and typically have a width of 0.5 an. This 
is smaller than the cell sizes usually observed after fatigue of Al 
at room temperature or at 77 K, which indicates a higher flow stress 
than the peak fatigue stress. 
Examples of the dislocation structure observed at various positions 
within the unannealed indentation pit in specimen F131 are presented 
in Figs. 7.6 - 7.12. The positions of these areas are denoted A-G 
on Fig. 7.5, which is an optical micrograph of the specimen. The 
areas examined within this indentation are at a depth of 2.1 Wm 
below the surface of the specimen, and the indented surface has not 
been electropolished during TEM preparation. For this indentation 
the dislocation structure at 0.9 d (area H) and 1.4 d (area I) is 
also illustrated (see Figs. 7.13 - 7.15). As shown by the 
micrographs presented, within the indentation pit elongated or 
irregular cell structures which typically have a width of 0.5 Mn are 
again present in all areas. Dislocations (denoted a) extending 
across the cells in area A (Fig. 7.6) are found to have b= . 4[110]. 
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In area B the majority of dislocations are visible for both gO2o 
(Fig. 7.7) and g2oo (not illustrated), indicating that these 
dislocations have b= M[110] or M[l10]. By considering images of 
area C taken under a number of different operating reflections 
(examples of all g not illustrated) many of the dislocations in Fig. 
7.8 at d are out of contrast for gi3l, revealing that these have b= 
1[101]. The presence of dislocations which have b= M[101] is also 
indicated in this area. By examining micrographs with 9020 and 11220 
(neither operating reflection shown) in addition to g2oo for area F, 
those dislocations marked a (Fig. 7.11) are found to have b= 4[110] 
and the majority of dislocations in the cell walls are of this type; 
dislocations which have b= M[l01] or M[l01] are marked j. There are 
also dislocations which have b= J1[Oll] or H[011] present in area F. 
In area G (Fig. 7.12) dislocations which are parallel to (111] are 
found to be out of contrast for g220 and hence correspond to 
dislocations which have b= M[110]. At H, which is at - 0.9 d from 
the indentation centre, dislocation tangles are evident (see Figs. 
7.13 and 7.14). Some grouping of dislocations approximately parallel 
to [010], [110] and [110] (corresponding to (100), (110) and (110) 
planes respectively) can be seen in this area. In Fig. 7.14 the 
disappearance of dislocations which are approximately parallel to 
[110] in the arrowed vertical groupings for g020 indicates that 
these have b= 3[101] or 14[101]. Many dislocations which are 
approximately parallel to [110] are out of contrast for g200 
indicating the presence of dislocations with b= M[011] or 11[011]. 
At I (located at - 1.4 d from the indentation centre) there are 
again dislocation tangles, with some grouping of dislocations 
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approximately parallel to [100] and [120] (corresponding to (010) 
and (210) planes respectively). The dislocation density in the 
regions between the grouped dislocations is noticeably less than at 
0.9 d. Slip traces parallel to [110] and [110] are apparent in both 
areas H and I. 
A more detailed analysis of the dislocation structure around an 
unannealed indentation has been carried out for specimen F133. The 
dislocation structure around this indentation has been studied at 
the following distances from the indentation centre, 0.5 d (i. e. at 
the edge of the indentation), 1.2 d, 2.3 d and 3.3 d (see Fig. 7.16 
a and 7.16 b). The indentation was made within a grain which was 
180 I. n in size, positioned such that the indentation corners were 
approximately 10 um, 25 mm, 30 mm and 150 inn from the grain edges. 
The indented surface was not electropolished during TEM preparation 
and has thus been retained for this specimen. 
At 3.3 d (Fig. 7.17) the dislocation arrangement consists of loose 
tangles of dislocations with areas of low dislocation density 
between the tangles. Examination of micrographs taken using 
different operative reflections, g, show that the majority of 
dislocations have Burgers vectors b= 34[110] with the vertical 
grouping of dislocations (indicated by the arrow) mainly of this 
type, and those approximately parallel to [110] mainly with b= 
34[011] or M[011]. Dislocations with Burgers vectors b= M[110] and 
34[101] or 34[101] are also present in the area. 
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At 2.3 d (Fig. 7.18) a similar arrangement is apparent, although a 
greater number of dislocations appear to be present in the tangles. 
The majority ("j 70%) of the dislocations which are approximately 
parallel to [110] have Burgers vectors b= J4[110], and in the 
arrowed vertical grouping approximately 70% have Burgers vectors b= 
Jf[110]. There are also dislocations with Burgers vectors b= JI[O1l] 
or f[Oll] and b= x[101] or h[101] present. 
Dislocation tangles are again evident at 1.2 d (Fig. 7.19) but the 
dislocation density is much higher than in the previous two areas 
mainly because the dislocation free areas are very much smaller. The 
majority (- 80%) of dislocations have Burgers vectors b= *[110] or 
M[l10] and there is some grouping of dislocations along the 
directions indicated by the arrows. Dislocations which also have 
Burgers vectors b= J4[011] or f[011] and b= )4[101] or M[101) are 
present in the area. 
At the corner of the indentation (0.5 d) an elongated cell structure 
lying approximately parallel to [110] is apparent (Fig. 7.20). 
Dislocations present in this area have the following Burgers 
vectors: b= H[110]; 14[101]; f[110] or M[101] and X[Oll] or M[011]. 
The extent of the effect of indenting with regard to the dislocation 
structure produced is illustrated by the observation of loose 
dislocation tangles and dislocation networks (Fig. 7.21) observed at 
position E in a grain adjoining the indented grain. Full Burgers 
vector analysis of the dislocations in this area was not possible, 
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however dislocations marked j which are approximately parallel to 
[100] have b= X[101] or f[101], and the presence of dislocations 
which have b= f[011] or 4[011] is indicated by comparing Fig. 7.21 
with the area imaged under N020 (not illustrated). 
Finally, dislocation structures observed at various positions around 
the unannealed indentation in F266 are presented in Figs. 7.23 - 
7.26 d. Fig. 7.22 is an optical micrograph to show the positions of 
the areas A, B, C and D investigated. For this specimen a thickness 
of approximately 2 Mn was electropolished from the indented surface 
during TEM preparation, and areas at depths of -7 (area D) and 2 
{m (areas A- C) below the original indented surface were examined. 
In area A which is located at 0.5 d in Fig. 7.22, dislocation 
tangles are apparent with some grouping of dislocations parallel to 
[110]. Burgers vector analysis of the area in Fig. 7.23 shows that 
most of the dislocations parallel to [110] had b= M[110] since 
these were out of contrast for g220. Analysing images of area B 
(Figs. 7.24 a and b) taken under different operating reflections 
(not illustrated) reveals that the dislocations which extend from 
the cell walls have b= 3i[Oll] or 3i[011] (denoted k on Fig. 7.24 b). 
Most of the dislocations (approximately 70%) in the dislocation 
networks surrounding the dislocation free areas in Fig. 7.24 b are 
found to be out of contrast for g131 and hence have b= M[101]. The 
elongated cells in this area are typically - 0.6 1. m wide. Burgers 
vector analysis of area C (Figs. 7.25 a to f) shows that 
dislocations which are approximately parallel to [210] 
(corresponding to (120) planes) in Fig. 7.25 b and to [210] 
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(corresponding to (120) planes) in Fig. 7.25 c are out of contrast 
for g311 and thus have b= JI[011], which is the predominant Burgers 
vector in region C. In area D (Fig. 7.26 a) which is within the 
indentation pit dislocation cell structures are seen. The 
dislocation extending into the cell denoted a in Fig. 7.26 b has b= 
h[110], and approximately half the dislocations present in the cell 
walls are also of this type. Other dislocation types present within 
the cell walls have b= H[101] and x[110] and examples of the latter 
type are marked b on Fig. 7.26 b. Small dislocation loops marked c 
on Fig. 7.26 b have b= f[101]. Changes in contrast across the cell 
walls in Figs. 7.26 a and b indicate misorientation across them. In 
order to resolve details of the dislocation structure in the area in 
Fig. 7.26 c, which adjoins the area in Fig. 7.26 a, the weak beam 
dark field image Fig. 7.26 d was taken. This shows an example of a 
dislocation network (denoted N on this figure) present in the cell 
wall. This network consists of dislocations which have b= f[011] or 
1[011] and b= 14[101] or 4[101] in approximately equal numbers. The 
cells in this area are typically 0.5 I. m in width. 
7.2.1 (ii): Unannealed Indentations in Single Al Crystals 
In single crystal material, of orientation - 5' from [013], the 
dislocation structure has been studied for an unannealed indentation 
at 0.5 d only (area A, Fig. 7.27). The indented surface was retained 
during TEM preparation for this specimen. It is found that cell 
structures, which are typically of - 0.5 Mn width, are apparent in 
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this area. By comparing images taken using different operating 
reflections, the cell walls are found to be made up of a number of 
different Burgers vectors. At e in Fig. 7.28 a dislocations present 
have Burgers vectors b= JI[Oll]. The weak beam dark field image 
shown in Fig. 7.28 b shows details of the dislocations in the cell 
walls and dislocation networks present in this area. 
7.2.2: Annealed Indentations in Polycrystalline Al 
Fig. 7.29 is an optical micrograph of the surface appearance of the 
annealed indentation in F274 and shows the positions of the areas (A 
- C) examined. These areas are related to a low magnification TEM 
micrograph of the region around the perforation in Fig. 7.30. For 
this specimen the original specimen surface has been retained, and 
areas at depths of 3.1 Ihm (area C) and 3.4 !. m (areas A and B) below 
the indented surface have been investigated. In regions within the 
indentation pit, the dislocation density is relatively low and 
dislocation boundaries and isolated dislocations are observed in all 
areas. Walls of dislocations approximately parallel to [210] 
(corresponding to (120) planes) are apparent in Fig. 7.31 a (area A) 
but cell structures (which are found in similar areas near 
unannealed indentations) are not seen. Dislocations marked k in Fig. 
7.31 a have b= 1[011] or 3[011]; those marked j in Fig. 7.31 b have 
b= f[101] or Jf[101]. Another example of a dislocation boundary 
observed in a different area (B) is shown in Fig. 7.32. In this case 
the dislocations appear to be approximately parallel to [111] 
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(corresponding to (110) planes), and by considering micrographs 
taken under different operative reflections (not illustrated) the 
boundary is found to consist of dislocations which have b= M[110]. 
In area C (Figs. 7.33 a- c) similar microstructure is found, and 
the dislocations denoted r are out of contast for g111 and thus have 
b= Jf[110] or H[101] or Jf[01l]. Dislocations are found to form 
boundaries parallel to [111] and [021] (corresponding to (110) and 
(211) planes respectively) in area C. 
A second specimen containing an annealed indentation, F272 showed 
that in all areas around the indentation pit either a relatively low 
dislocation density (compared with similar regions for unannealed 
indentations) or networks or boundaries of dislocations were 
observed. Fig. 7.34 is a schematic diagram to show the areas 
examined within the indentation pit. Areas at depths of 1.8 Mm 
(areas A and B) and 2.4 Mm (area C) below the indented surface, 
which was retained during TEM preparation, have been examined in 
this specimen. In area A, shown under different operating 
reflections in Figs. 7.35 a-h, there is some grouping of 
dislocations parallel to [100] and [010] (corresponding to (010) and 
(100) planes respectively). Examples of dislocations which have b= 
M[110], H[110], H[101] and 14[011] are marked a, b, c and f 
respectively on Figs. 7.35 a and c. The boundary with dislocations 
marked b in Fig. 7.35 a shows strong contrast only in Figs. 7.35 a, 
f and h but not in Fig. 7.35 c. By considering the Bragg angles for 
these cases, the angle across this boundary is estimated to be 0.4'. 
In area B (Figs. 7.36 a- d) a low density of dislocations, 
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consisting of dislocation tangles, is observed. The presence of 
dislocations which have b= JI[0ll] or J[011] and b= )4[101] is 
indicated in this area. Most dislocations are out of contrast for 
g311 indicating that these have b= 4[011]. Fig. 7.36 d shows some 
grouping of dislocations parallel to [311] and [210] directions, 
which correspond to (011) and (122) planes respectively. Figs. 7.37 
a-h show the dislocation structure in area C under different 
operating reflections. The dark field micrographs, Figs. 7.37 c and 
g, resolve details of the dislocation structure which are not 
readily seen in the bright field images. At N (see Fig. 7.37 a) a 
network of dislocations is apparent. This network consists of 
dislocations which have b= J[110], b= M[l01] and b= J4[011]. 
Dislocations marked f in Fig. 7.37 b have b= h[011]. 
7.2.3: Comparison of an Unannealed and an Annealed Indentation 
Within a Single Grain in Polycrystalline Al 
The dislocation structure around an unannealed and an annealed 
indentation within a single grain of polycrystalline Al was examined 
for specimen F2711. The positions of TEM areas near the edges and 
corners of these indentations are shown schematically in Fig. 7.38. 
By comparing the dislocation structure observed near the indentation 
edges, A-D, for both cases (see Figs. 7.39 a-7.40 d) it can be 
seen that near the unannealed indentation a higher density of 
dislocations is apparent than for the annealed indentation. In 
particular near edges C and D of the unannealed indentation cell 
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structures are apparent whereas such structures are not found near 
the annealed indentation. Near the annealed indentation there is 
evidence that dislocation movement has occurred, indicated by slip 
traces which are visible parallel to [110] and [110]. 
Considering the indentation corners, near the unannealed and 
annealed indentations (Figs. 7.41 a-7.42 d) it is clear that near 
the unannealed indentation cell structures are observed in all 
cases, however near the indentation which has been annealed, 
dislocation tangles are found in all areas. The higher density of 
dislocations near corner A/B of the annealed indentation may be 
related to its proximity to the unannealed indentation, because as 
shown previously, in section 7.2.1 (i), indenting has been found to 
affect the microstructure to distances of - 3.3d. 
7.2.4: Effect of Fatigue on the Microstructure Near an Unannealed 
Indentation 
The microstructure observed near an unannealed indentation which was 
fatigued for N=5x 103 cycles at ct =±6x 10-4 was examined for 
specimen FS4. For this specimen the original indented surface was 
retained during TBM preparation, and the area examined was - 15 6m 
below the indented surface. Fig. 7.43 a shows the indentation and 
perforation within the pit at low magnification. The TEM area 
examined is denoted A on Fig. 7.43 b, which is a higher 
magnification optical micrograph of the area. Again, irregularly 
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shaped cell structures are found in area A (see Fig. 7.44 a) and 
these typically have a width of - 0.5 Min. The dislocation structure 
in this area appears to be similar to that near unannealed 
indentations which have not subsequently been fatigued. Area A in 
Fig. 7.44 a is shown under two different operating reflections in 
Figs. 7.44 b and c, and examination of these micrographs reveals the 
presence of dislocations which have b= *[l10] and b= f[110]. 
7.3: Discussion 
Considering observations of dislocation structure near unannealed 
indentations in polycrystalline Al, at 0.5 d or less irregularly 
shaped cell structures are found. These cells have curved walls and 
their interiors are relatively free of dislocations. Changes in 
contrast observed across the cell walls indicate misorientation 
between the cells. The point that dislocation walls appear curved 
indicates the presence of internal stress. The areas examined at 0.5 
d or less correspond to the indentation edge or to regions within 
the indentation pit, which are not favourable sites for PSBs to 
nucleate in Al during low strain amplitude fatigue. This is not 
unexpected in view of the expected stability of such a structure, 
which is formed at much higher values of stress than applied during 
fatigue at room temperature. It should be noted that the cell sizes 
produced by indentation are generally smaller than those typically 
observed after fatigue of Al at room temperature or at 77 K, which 
suggests a higher flow stress in the case of the former. Thus any 
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recovery effects will have already occurred during indentation and 
therefore no recovery effects can be expected subsequently during 
low amplitude fatigue. This is supported by observations of 
dislocation structure within the indentation pit after fatigue for 5 
x 103 cycles at Et =+6x 10-4, where the structure is similar to 
that found in similar areas near unannealed non-fatigued 
indentations. The curvature of the cell walls reveals, however, that 
this structure cannot be fully recovered, since even with the same 
cell size a lower energy configuration would result from 
approximately plane walls. Thus the point that low amplitude fatigue 
does not produce any recovery indicates that there is no dislocation 
movement during fatigue. 
The cell type dislocation arrangements apparent at 0.5 d or less 
resemble the structures produced in Al which has been cold-rolled 
(Von Heimendahl, 1980; Barlow, Bay and Hansen, 1985). 
There are high dislocation density regions formed at greater 
distances from unannealed indentations, although cell structures are 
not formed. These areas (for example regions in area H in F131) also 
correspond to areas which are not favourable sites for PSB formation 
during fatigue. At distances greater than - d, where PSBs form 
readily during fatigue in Al, generally the dislocation density is 
low (see, for example, Figs. 7.17 and 7.18 at 3.3d and 2.3d) and is 
found to decrease with increasing distance from the indentation 
centre. Thus a high dislocation density inhibits the formation of 
PSBs unless the fatigue amplitude (and stress) are large enough. 
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In some areas in the range 0.9 d to 3.3 d near unannealed 
indentations (see Figs. 7.13 - 7.15 and 7.17 - 7.18) slip traces 
which are approximately parallel to [110] and [110] are apparent, 
indicating that dislocation movement has occurred. Such dislocation 
movement, resulting in the formation of slip traces, has been 
observed in the electron microscope. The absence of slip traces at 
distances of 0.5 d or less is an indication that dislocations cannot 
move readily in these areas. This may be due to the high stresses at 
the cell boundaries or due to dislocation pinning in such areas. 
With regard to the effect of annealing on the dislocation structures 
produced by indenting, evidence of dislocation movement is apparent 
closer to annealed indentations (see for example, slip traces at 0.5 
d (Fig. 7.40 a) in F2711) and the density of dislocations is much 
lower than in similar regions near unannealed indentations. The cell 
type structures observed near unannealed indentations are not 
observed near annealed indentations, instead boundaries of 
dislocations, isolated dislocations or areas with dislocation 
tangles (similar to those observed at -2d near unannealed 
indentations) are evident. It should be noted that during fatigue 
PSBs generally nucleate closer to annealed indentations in 
comparison with unannealed indentations. 
The tangle-type of dislocation structure observed at all distances 
near annealed indentations, and at distances of 1.4 d and at 2.3 d 
or greater for unannealed indentations in F131 and F133 
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respectively, appears to be similar to the structure found by Segall 
and Partridge (1959) in Al stressed up to 3 kg mm -2 in tension. 
In order to assess whether any effects on dislocation microstructure 
due to indenter orientation with respect to directions in the 
crystal were apparent, unannealed indentations were made in a number 
of [001] grains in polycrystalline Al such that their edges were 
parallel to different pairs of directions. Consequently, the edges 
of unannealed indentations F131, F133 and F266 were made parallel 
to; [110] and [110], [100] and [010], [120] and [210] respectively. 
For comparison, annealed indentations were positioned such that 
their edges were parallel to [210] and [120] (F274), and [110] and 
[110] (F272). Considering the dislocation microstructure observed, 
there do not appear to be any effects due to indenter orientation 
with respect to directions in the crystal: cells, which are usually 
elongated to some extent, are apparent at all positions within 
unannealed indentations (and at all depths examined within the pits) 
and at their edges. It should be noted that generally cells showed a 
greater degree of elongation at the indentation corners. Similarly, 
the planes parallel to which there is a tendency for dislocations to 
be grouped in regions outside the indenter contact area near 
unannealed indentations, are {100}, {110} and {210} for all indenter 
orientations. Considering regions examined for annealed indentations 
(all within the indenter contact region) boundaries of dislocations 
and dislocation networks are also observed in all regions 
irrespective of indenter orientation with respect to directions in 
the crystal. Dislocation boundaries are found to be parallel to 
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{100}, {110}, {210}, {112} and {122} planes within annealed 
indentations. At depths of approximately 3 Ian below the indented 
surface dislocation boundaries are found in all regions; at depths 
of -2I. m a number of dislocation networks are apparent in addition 
to boundaries of dislocations. With regard to the Burgers vectors 
observed at different positions around unannealed and annealed 
indentations in [001] grains; no specific relationship was found 
between the indenter orientation with respect to directions in the 
crystal and the Burgers vectors identified underneath the indenter, 
at the indentation edges nor outside the indenter contact area. In 
addition, it should be noted that examining unannealed indentations 
made in an [011] grain in polycrystalline material and in a single 
crystal of orientation close to [013], the cell dislocation 
structures observed within the indentation and at the indentation 
edge were of the same appearance as those found in [001] grains. 
Most of the polycrystalline grains containing indentations which 
were examined by TEM had [001] surface normals, and thus 
indentations are made along [001]. In this connection, it should be 
noted that Dyer (1965) has proposed a dislocation model for f. c. c. 
metals to account for the experimental observations of ball 
indentations on (001) Cu crystals (see section 3.3). This model 
enables preferred slip planes and directions of slip to be 
determined. Thus TEM examination of a number of indentations in 
[001] grains permits the Dyer model predictions for various regions 
within and outside the indenter contact area to be compared with the 
observed Burgers vectors of dislocations in these regions. It should 
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be noted that in the Dyer model sets of planes which accomplish 
lowering of material under the indenter are modelled by diverging 
pyramids, whilst outside the indenter contact area another set of 
planes (surrounding the first set) are modelled by converging 
pyramids. 
Considering region H near the unannealed indentation in F1311 
dislocations were experimentally found to have b= k[101] or f[101], 
and b= f[0ll] or Jf[011]. The Dyer model predicts that in this 
region the preferred slip direction is [011] on the (111) slip 
plane. Thus there is agreement between the model prediction and one 
of the observed possible Burgers vector types. In areas C and G 
within the indentation in F131, the Dyer model predicts slip on the 
(111) plane in [011] and [101] directions respectively. This 
prediction is not consistent with the observed Burgers vectors of 
dislocations in region G (b = f[110]) nor in region C (b = *[101] 
and M[l01]). In area A within this indentation, slip is predicted on 
the (111) plane in the [011] direction by the Dyer model, however 
Burgers vector analysis revealed dislocations which have b= *[110] 
in area A. In region B, the Dyer model predicts that the preferred 
slip system is the (111) slip plane with the (011] slip direction, 
whereas dislocations were found experimentally to have b= )f[110] 
and k[110] in this area within the indentation pit. Finally in area 
F within the indentation in F131 dislocations had b= H[110], h[101] 
or H[101] and M[011] or f[011]. Thus one of the possible Burgers 
vectors types is in agreement with the Dyer model prediction that 
the preferred slip direction is [011] on the (111) slip plane. 
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For regions A and B which are outside the indentation pit F133, the 
Dyer model predicts that the (111) slip plane and [101] slip 
direction are preferred. This predicted slip direction is consistent 
with one of the possible Burgers vectors of dislocations in these 
areas although this was not the prevalent Burgers vector. In 
addition, dislocations with b= 3i[110], )f[110] and 3i[011] or 3i[011] 
were also apparent in these areas. (It should be noted that b= 
M[110] and M[011] are on the same planes as b= M(101], which means 
that shear on the same slip plane could be involved). In region C 
near this indentation, the (111) slip plane and (011] slip direction 
is predicted to be the preferred slip system. Whilst some 
dislocations in region C are found to have possible Burgers vectors 
which are consistent with the Dyer model, in addition dislocations 
which have b= 6[110] (which is on the same slip plane as b= 
3i[ 0l l ]) or M[1710] and M[101] or M[101] (which is also on the same 
slip plane as 14[011]) are found. (Thus, three possible Burgers 
vectors on the same planes are again found, which implies that shear 
on the same slip plane could be involved). In area D in F133 the 
Dyer model predicts that the preferred slip direction is [110] on 
either the (111) or (111) plane. This is consistent with one of the 
possible Burgers vectors types observed in the area, although 
dislocations which have b= 34[110], ! f[101] and H[Oll] or M[011] are 
also present. 
Considering areas A and C around the indentation F266, the Dyer 
model predicts that the preferred slip directions are [011] and 
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[101] respectively on the (111) plane. In these areas the observed 
Burgers vectors are not consistent with the Dyer model prediction 
since in area A dislocations have b= f[110] mainly, and in area C 
the predominant dislocation type is b= x[011]. In area B in F266 
slip in the [011] direction on the (111) plane is the preferred 
system predicted by the Dyer model, and this is in agreement with 
one of the possible Burgers vectors of dislocations in this area, 
although dislocations which have b= M[101] are also present. In the 
last area examined in this specimen, area D (which was within the 
indentation pit), the possible Burgers vector types for dislocations 
(b = Jf[110], M[1011 and M[110]) are not in agreement with the 
predicted preferred slip direction [011] on the (111) slip plane. 
Considering the annealed indentations F274 and F272 all regions 
examined are within the indentation pits. For specimen F274, the 
Dyer model predicts that in area A the (111) slip plane and the 
[011] slip direction are preferred, whilst experimentally determined 
Burgers vectors of dislocations in this area are b =. 4[011] or 
f[Ol1], and #[101] or i[101]. Thus one of the possible Burgers 
vectors of dislocations in area A is consistent with the Dyer model. 
In area B, the (111)[011] slip system is predicted by the Dyer 
model, however dislocations have b= M[110] in this area. Finally in 
region C of F264 the Dyer model predicts that the (111)[101] slip 
system is preferred, which is not consistent with the possible 
Burgers vectors (b = 1[110] or f[101] or M[011]) of dislocations in 
this area. 
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In specimen F272 the (111) slip plane and [101] and [011] slip 
directions are predicted by the Dyer model to be the preferred 
systems in areas A and B respectively. These preferred directions 
are consistent with possible Burgers vectors of dislocations in 
these areas, however in both areas additional dislocations have been 
identified which have possible Burgers vectors which are not 
consistent with the predicted slip directions determined using the 
Dyer model. In region C within this indentation, dislocations with b 
4[101] and k[011] are found, which are not consistent with 
the Dyer model prediction that the preferred slip system is 
(111)[101]. 
Applying the Dyer model to the identation in the single crystal 
specimen, the predicted preferred slip direction is [110] on the 
(111) plane, which contrasts with the experimental observation of 
dislocations which have b= k[0ll]. 
Considering regions near the indentation edges or under the indenter 
for annealed and unannealed indentations in polycrystalline and 
single crystal Al specimens, poor correlation is found between the 
preferred slip direction predicted by the Dyer model and the 
experimentally determined Burgers vectors of dislocations in such 
areas. The preferred slip direction according to the Dyer model 
agrees with the possible Burgers vector type found for dislocations 
in - 12% of areas beneath or at the indentation edges, and in a 
further 23% of such areas one or more additional Burgers vector 
types are identified, in addition to the type associated with the 
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preferred direction predicted by the Dyer model. It should be noted 
that in approximately 53% of all regions examined more than one 
Burgers vector type has been identified in each case 
With regard to regions away from the indenter contact area, in all 
areas the preferred slip direction predicted by the Dyer model 
agrees with one of the Burgers vector types identified in a given 
region. Nevertheless, in each area studied dislocations present are 
found to have (up to four) additional Burgers vectors. 
Thus, the slip directions predicted by the Dyer model show greater 
correlation in regions away from the indenter contact area and 
indenter edges, although generally dislocations with a greater 
number of Burgers vector types are found in both types of region, 
compared with the preferred slip direction determined using the Dyer 
model. This is consistent with the observation that after low 
amplitude fatigue of Al a larger number of Burgers vectors are 
active than is usually found in Cu, which is related to the higher 
stacking fault energy of Al, resulting in greater ease of movement 
of secondary dislocations. 
Considering the effect of indenting on PSB formation, for Cu White 
(1984) and Charsley and White (1987) suggest that pre-existing 
dislocations formed during indentation can enhance PSB formation, as 
outlined in section 3.5. In the present work on Al direct evidence 
to support this has not been found, although the point that PSBs are 
most readily formed in regions where there is a moderate density of 
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dislocations is consistent with Charsley and White's proposal. As 
noted previously (in section 3.5) it has been suggested by 
Kuhlmann-Wilsdorf and Nine (1967) that the formation of PSBs is 
assisted by non-primary slip, whilst Charsley and White (1987) have 
suggested that the formation of Lomer-Cotrell stair-rod dislocations 
is a possible mechanism relevant to PSB formation in indented 
crystals. From the present work on Al, the Burgers vectors of 
dislocations observed in regions of moderate dislocation density are 
consistent with these suggestions. Finally it should be noted that 
the effect of an unannealed indentation in Al in comparison with Cu, 
is to form a larger PSB-free region around the indentation site. In 
general terms this can be directly related to the lower 
work-hardening rate which enables the plastic deformation zone to be 
more extensive in Al in comparison with Cu. This is related to the 
larger number of Burgers vectors observed in fatigue and enables 
cells to be more easily formed. Hence the fatigue plastic strain is 
to a great extent reduced in this region so that at the edges of the 
hard region PSB formation is more likely. 
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CHAPTER 8 
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 
8.1: Introduction 
In this chapter outlines of the main experimental results presented 
in earlier chapters are given, and suggestions for future work to be 
carried out are made. 
8.2: Summary of Main Experimental Results 
8.2.1 (i): Room Temperature Fatigue of Polycrystalline Al 
Dislocation configurations and surface slip markings produced in Al 
specimens after room temperature fatigue have been studied by TEM 
and by optical microscopy. Values of total strain amplitude in the 
range +4x 10-4 to + 1.9 x 10'3 were used to fatigue specimens with 
a number of cycles between 5x 103 to 2x 104. Considering the 
surface slip bands in Al, these were found to be more irregular and 
wavy than those observed in Cu. With regard to the dislocation 
structures: after low strain amplitude fatigue dense patches of 
dislocation loops were found, however at all amplitudes the 
formation of irregular dislocation walls was apparent. In foils with 
<100> normals these irregular walls, which had spacings in the range 
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0.7 Mm to 1.0 Imi, were often found to be approximately parallel to 
{100} and {110} planes. Analysis revealed that even at the lowest 
amplitude at least three, and often six, different Burgers vectors 
may be present in quite small areas. Thus multiple slip occurs more 
easily during fatigue at room temperature in Al compared with Cu. At 
the highest strain amplitudes, a more clearly defined cell structure 
is formed with narrow cell walls enclosing larger dislocation free 
regions. The cell walls are found to be preferentially oriented 
along <100> and <110> directions approximately (corresponding to 
{100} and {110} planes). In conclusion, structures similar to those 
found after room temperature fatigue of Cu and Ni at low amplitude 
(e. g. matrix, PSB ladder structure and labyrinth structure) were not 
found after room temperature low amplitude fatigue of Al. 
Dislocation structures typically found in Al after room temperature 
low amplitude fatigue are more similar to the cell structures found 
in Cu fatigued at room temperature at higher amplitudes (or to large 
cumulative plastic strains), the formation of which is associated 
with increased secondary slip activity. 
8.2.1. (ii): Low Temperature Fatigue of Polycrystalline Al 
A number of Al specimens were examined after various ageing periods 
at room temperature following fatigue for 2x 104 and 2.2 x 104 
cycles at a total strain amplitude of +4x 10-'4 at 77 K. Either 
matrix structures similar to those found after room temperature 
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fatigue of Cu and Ni, but with a greater number of dislocation 
loops, or well-defined walls of dislocations were found. The walls 
of dislocations were found to be approximately parallel to {100}, 
{111}, {113} and {331} planes. The structures observed after ageing 
are more similar to stuctures observed after low temperature fatigue 
of Al with specimen ageing minimized than to those produced by 
fatigue at room temperature. 
Dislocation configurations produced in specimens after fatigue at 77 
K in which a minimum of specimen annealing was then permitted, were 
studied for Al fatigued with total strain amplitudes in the range + 
4x 10-4 to + 1.4 x 10-3 after a number of cycles between 5x 103 to 
2.2 x 104. During the early stages of fatigue a matrix structure 
very similar to that in Cu and Ni is observed, i. e. dense patches of 
dislocation loops separated by channels which are relatively 
dislocation free. These low dislocation density channels contain 
isolated dislocation loops; the density of such loops is 
significantly higher in Al than for Cu and Ni after room temperature 
fatigue. At later stages of fatigue (after cumulative strains of - 
20 with a total strain amplitude of + 1.4 x 10-3) usually the matrix 
structures in Al appeared narrower with a greater channel proportion 
than observed after room temperature fatigue of Cu and Ni. Several 
Burgers vectors were found to be present in areas exhibiting matrix 
or matrix-type structures. 
For cumulative strains in excess of - 20 at total strain amplitudes 
of ±8x 10-4 or greater, a few grains in polycrystalline specimens 
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exhibited more condensed structures which approximated to the 
classical PSB wall structure. These structures were less regular 
than those found in Cu and Ni and with much larger wall separations 
e. g. the value of wall separation in ladder-type structures observed 
in Al is approximately four times larger than that in Cu after 
fatigue testing at temperatures of 77 K. In one case walls in the 
structure which is similar in appearance, although more irregular, 
to ladder structures observed in Cu have been found to be 
approximately parallel to (311) planes in Al. 
A large fraction of grains in Al were found to contain a labyrinth 
structure after cumulative strains of - 20 at total strain 
amplitudes of, or greater than, +8x 10-4. This consists of two 
sets of {100} dislocation walls which are mutually perpendicular, 
although significant deviations from these planes were often 
observed. The presence of four or more Burgers vectors was 
frequently observed in regions which exhibit these walls. The 
channel width between the {100} walls in areas exhibiting labyrinth 
structure which was not wholly formed ("uncondensed") was -2 im at 
Et =±8x 10-4, and decreased by a factor of approximately three 
for similar types of {100} wall observed after fatigue at Et =±1.4 
x 10-3. The channel width (- 2 mm) in the fully formed. ("condensed") 
labyrinth structure in Al after fatigue at Et =±1.4 x 10-3 was 
found to be approximately three times that observed in the 
uncondensed stucture, which was apparent in some grains after 
fatigue under the same conditions. By comparison in Cu and Ni after 
room temperature fatigue the channnel widths in similar labyrinth 
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structures are typically 0.75 pm and 0.78 MW respectively. Moreover, 
in Al it was often found that areas in which {100} walls were not 
fully formed contained regions in which pairs of parallel 
dislocation walls enclosed square dislocation free areas. The 
labyrinth structure in Al was not found to be associated with any 
specimen surface slip marking. 
A number of grains contained a single set of parallel {100} walls 
over large areas after low temperature fatigue at a total strain 
amplitude of + 1.4 x 10-3. Although this has sometimes been observed 
in Cu fatigued at room temperature it appears to be more extensive 
in Al fatigued at 77 K. In the channels between the walls in this 
structure there is again a high density of dislocation loops. All 
Burgers vectors types were found to be present in areas in which one 
set of {100} walls dominated, with b= J4[110] and M[110] most 
prevalent. It should be noted that dislocations having these two 
Burgers vectors have been predicted for {100} wall formation by 
Charsley (1981). 
In addition, after fatigue under the conditions above (i. e. Et =+ 
1.4 x 10-3, N=5x 103) a completely new type of condensed 
structure was observed in some specimens which had been thinned to 
retain the surface. This was a well defined "square lattice" of 
approximately circular dislocation clusters lying in lines parallel 
to <110> directions for a foil normal [0011 and with a "lattice 
parameter" of - 1.9 ihn. The occurrence of this structure was 
associated with the presence of approximately equal numbers of 
142 
dislocations with four distinct Burgers vectors and with a specimen 
tensile axis close to [010]. The channels between the clusters had a 
low dislocation density and the structure could be related to a 
unique surface structure using both optical and scanning electron 
microscopy. It was concluded that the circular clusters were 
approximately spherical and formed a three dimensional array which 
approximated to a face centred cubic lattice. The clusters were 
considered to represent hard regions, resulting in material being 
extruded out of the surface between the clusters during fatigue. 
Some other wall structures were also observed, these were parallel 
to {122}, {120} and {013} planes or were of orientations similar to 
those already seen after room temperature fatigue or after fatigue 
at low temeprature with subsequent ageing at room temperature. 
Finally, no clear examples of wavy surface PSBs (as typically found 
after room temperature fatigue) were apparent after fatigue of Al at 
low temperature in the present work. However, Mughrabi (1985) has 
reported observations of "bulgy" extrusions in Al single crystals 
fatigued at 77 K at a shear strain amplitude Ypl =2x 10-3 for 6.5 
x 103 cycles. The "rumpled band" and cross-hatched structures have 
been observed in the current work after fatigue of Al at 77 K. 
8.2.2: Fatigue of Indented Single Crystals 
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After indenting Al single crystals of different orientations these 
were cycled in reverse plane bending for several hundred cycles 
using a small surface strain amplitude (1 x 10-4 or 2x 10-4) before 
being cycled at higher amplitudes (2 x 10-4 or 4x 10-4). 
Characteristic intense slip distributions were formed near 
indentations in Al following low amplitude fatigue, and the PSB 
distribution developed varied depending on the crystal orientation. 
Although it was found that the PSB arrangements were not identical 
for various indentations made within a crystal of a given 
orientation, certain PSBs were found to occur in almost the same 
position relative to the pit in all cases. Thus it was concluded 
that indentations clearly affect the nucleation of PSBs. Similarly, 
observations of preferential PSB formation near indentations have 
also been made on fatigued Cu crystals (White, 1984; Charsley and 
White, 1987). In Al, short non-propagating bands of PSBs were 
observed only in a crystal of orientation C3 (with an orientation 
such that to - 22' from [011]), and unlike for pure Cu in general 
PSBs were found to be exclusively of the propagating type for all Al 
crystal orientations. Secondly, PSBs were not observed to initiate 
at distances closer than 0.7 d from unannealed indentation centres 
in Al and usually extended to distances greater than 6 d. For Cu 
however, PSBs were observed in the range d/2 <r< 3d/2. Thus in Al 
a larger PSB free region is formed around the indentation site, and 
PSBs were apparent over a more extensive region than found in Cu. 
Comparing Al and Cu crystals of similar orientation (Al crystal C11 
and the Cu crystal with to - 20' from [001]) PSBs were observed to 
initiate in the range 0.7 d to > 6.5 d for Al and in the range 0.5 d 
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- 0.9 d for Cu. It should be noted that in this case the Al crystal 
(Cli) was fatigued at a lower plastic strain amplitude than the Cu 
crystal of similar orientation. With regard to the effect of 
indenting, two counteracting effects therefore seem apparent: a 
localized hardening around the indentation and an enhancement of PSB 
initiation during low amplitude fatigue. In Al the first effect is 
much greater than in Cu, and the enhancement of PSB initiation 
appears weaker than observed in Cu. 
Characteristic distributions were also found near indentations in Al 
which had been annealed after indenting (this effect has also been 
found by White (1984) for Cu). The effect of annealing indentations 
in Al (at either 0.75 Tm or more usually at 0.88 Tm) was generally 
(in about 70% of cases) to result in PSBs forming closer to 
indentations and over greater angular regions. Nevertheless, PSBs 
were seldom observed at the indentation edge and only one example of 
a PSB occurring within an indentation pit was found. In comparison, 
in Cu PSBs were frequently observed within S-type indentation pits 
annealed at temperatures of 0.87 Tm and also at their edges 
(Charsley and White, 1987). 
With regard to the effect of indentation size in Al, unannealed 
indentations 1.3 and 1.8 times the standard indentation size were 
examined for orientation C11. Although slip on more slip systems was 
apparent near the larger indentations, only very fine slip bands 
were observed after fatigue cycling. In Cu however larger 
indentations were found to result in earlier PSB formation. 
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Considering regions near etch pits in Al, similar distributions of 
PSBs to those observed near indentations were found. It should be 
noted that clear examples of PSBs extending within etch pits were 
also apparent. This was in marked contrast to results obtained on Cu 
crystals (White, 1984; Charsley and White, 1987) where etch pits 
resulted in much less extensive PSB formation than observed near 
indentations. 
Finally, regarding similarity in Al crystal orientations 
investigated in the present work and those examined by White (1984) 
for Cu, the Al crystal of orientation C3 is close to a Cu crystal 
with to - 22' from [011], and C11 is similar to a Cu crystal with to 
20' from [001]. Crystal C3 was successfully fatigued to 8x 104 
cycles at a strain amplitude et =2x 10-4, whereas White (1984) 
found that Cu crystals of similar orientation were unsuitable for 
fatigue testing due to distortion of the crystal after fatigue 
cycling at a total strain amplitude of ct =8x 10-4. Comparing the 
Al crystal of orientation Cli with a similarly oriented Cu crystal, 
differences in the PSB distributions developed were apparent: in Al 
propagating PSBs were formed parallel to the cross slip plane, 
however in Cu short non-propagating bands were formed parallel to 
the critical plane and long propagating bands were developed 
parallel to the primary plane. Moreover differences in the angular 
regions in which PSBs were formed in Al and Cu crystals were found. 
Differences were also noted in the PSB distributions developed near 
unannealed and annealed indentations in the Al crystal Cll, whereas 
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no significant differences were observed for Cu. (This may be due to 
the annealing temperatures used in this case for the two materials; 
the annealing temperatures used for annealed indentations were 0.88 
Tm and 0.72 Tm respectively for Al and Cu). As noted previously, Cli 
was fatigued at a lower plastic strain amplitude than the Cu crystal 
of similar orientation, although distortion of the Al crystal was 
observed on continued cycling after 2x 103 cycles, whereas the Cu 
crystal was fatigued to 6.1 x 104 cycles with no deformation 
apparent. 
8.2.3: TEM of Dislocation Structure Near Indentations 
The results presented show that near the edges of, and within, 
unannealed indentations (which are not favourable sites for PSBs to 
nucleate during fatigue in reverse plane bending) the microstructure 
consists of irregularly shaped dislocation cells in both 
polycrystalline and single crystal specimens. The curvature of the 
narrow dislocation walls which enclose relatively dislocation free 
interiors indicates the presence of internal stress in these areas. 
Changes in contrast observed across the cell walls indicates 
misorientation across these walls. Subsequent fatigue of unannealed 
indentations does not cause changes in this cell structure, and such 
stability of the structure is expected since it is formed at much 
higher values of stress than applied during room temperature 
fatigue. With increasing distance from unannealed indentations the 
density of dislocations decreases, and in areas where PSBs readily 
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form during fatigue (e. g. at distances greater than -d from the 
indentation centre) loose dislocation tangles are found. In these 
areas slip traces are evident indicating dislocation movement, 
whereas an absence of such traces at 0.5 d or less is a further 
indication that dislocations cannot move readily in these areas. 
The effect of annealing indentations at 0.88 Tm for two hours is to 
result in dislocation movement being apparent closer to the centre 
of the indentations (e. g. at 0.5 d from the indentation centre), and 
to reduce the density of dislocations compared with similar regions 
near unannealed indentations. Areas with isolated dislocations, 
dislocation tangles and dislocation boundaries are observed near 
annealed indentations but areas exhibiting cell structures are not 
found. It should be noted that during the fatigue of annealed 
indentations PSBs are generally found to nucleate closer to the 
annealed indentations in comparison with unannealed indentations. 
A number of different indentation orientations with respect to 
crystallographic directions in polycrystalline Al grains with [001] 
surface normals were examined. This revealed that the dislocation 
microstructure and Burgers vectors observed at various positions 
relative to the indentation were not affected by the indenter 
orientation. As mentioned previously cell structures, usually 
elongated to some extent, were observed at all positions within and 
at the edges of unannealed indentations, whilst at sufficient 
distances from the indenter contact region dislocation tangles were 
observed. Cell structures tended to show the greatest degree of 
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elongation at the indentation corners, irrespective of the indenter 
orientation with respect to the [001] foil. Similarly dislocation 
boundaries and networks were found at all positions within annealed 
indentions irrespective of indenter orientation in the [001] foil. 
The indentation of polycyrstalline Al grains with [001] surface 
normals enabled a comparison to be made between the predicted 
preferred slip directions according to the Dyer model, which was 
developed for ball indentation of (001) Cu crystals (Dyer 1965), and 
the observed Burger vectors of dislocations found near indentations 
in Al. 
In general poor correlation was found between the preferred slip 
direction predicted by the Dyer model and the experimentally 
determined Burgers vectors of dislocations in areas within, or at 
the edges of, indentations. Agreement between the model prediction 
and the observed Burgers vectors was only found in 12% of such 
areas, and in a further 23% of areas additional Burgers vectors were 
identified apart from those which correspond with the preferred 
directions predicted by the Dyer model. In all regions away from the 
indenter contact area, the preferred slip directions predicted by 
the Dyer model agreed with one of the possible Burgers vectors 
identified for dislocations in each region, although dislocations 
are also found which have (up to four) additional Burgers vectors. 
Applying the Dyer model to predict the preferred slip direction for 
the area examined in the indented single crystal (orientation - 5' 
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from [013]) and comparing this with the observed Burgers vectors of 
dislocations revealed that the Dyer model was not consistent with 
the Burgers vectors of dislocations which were identified. 
8.3: Suggestions for Future Work 
It would be useful to extend the work begun on pure Al to the 
structurally important Al-6%Zn-2%Mg alloy, which like Al, also shows 
significant differences in slip in comparison with Cu (due to 
stacking fault energy and precipitation hardening). Moreover, 
because the alloy is susceptible to corrosion pitting, it would be 
useful to examine the effects of well characterised pits produced by 
spark erosion as well as pits produced by indentation which have 
associated plastic deformation. The effects should be examined using 
the optical, scanning electron and transmission electron microscopy 
techniques developed in the present work on Al. 
In the course of the current work, a Woods metal grip system for 
push-pull fatigue testing of single crystals using a servo-hydraulic 
machine was developed, although there was insufficient time to 
enable this technique to be used. The use of this type of apparatus 
in connection with a strain gauge extensometer would give superior 
strain control compared with the system used for the experiments 
described in this work, and it would be useful therefore to extend 
future work to this type of testing apparatus. 
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The importance of SEM for revealing PSB details is clear from the 
micrographs presented here. It would be useful to use the techniques 
of combined optical and scanning electron microscopy again, to 
investigate the effects of surface damage on PSB formation for 
experiments on Al and Al alloys fatigued in push-pull. 
In addition, the technique for producing TEM specimens with 
perforations in the neighbourhood of indentations has been 
established, and preliminary investigations of the dislocation 
structures near indentations have been undertaken. Hence experiments 
should be carried out to relate the surface structures developed 
near given fatigued indentations in single crystal specimens to the 
dislocation microstructures: i. e. by examining the development of 
PSBs near a given indentation and then preparing a TEM specimen with 
thin areas near this indentation. Such experiments should be carried 
out for both Cu and Al in order to see whether any of the observed 
differences in the PSB distributions developed near indentations can 
be related to the dislocation microstructures. Similarly in the Al 
alloy it would also be of interest to relate the dislocation 
structures to the observed PSB distribution. 
Since fatigue testing of Ni at low temperature has not previously 
been reported, it would be of interest to undertake such experiments 
in order to study the effect on the dislocation microstucture 
produced, particularly because of the high stacking fault energy of 
the material. 
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Finally, since work concerned with the characterisation of the 
cyclic hardening curve for single Al crystals has not been reported, 
it would be useful for such experimental studies to be carried out. 
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Table 4.1: Specimen C3 Indentation Details 
Indentation D/S U/A* 1/mm "/' d/LGn Depth/1. an trU//. m 
Number 
1 S 550 11.3 14.3 58.5 8.4 4 
2 S U 13.4 16.2 57.7 8.2 4 
3 D 550 15.5 14.8 58.8 8.4 4 
4 D U 17.9 17.5 55.0 7.9 4 
5 S 550 21.0 13.8 56.5 8.1 4 
6 S U 22.9 14.3 58.0 8.3 4 
7 D 550 24.0 13.5 58.1 8.3 4 
8 D U 27.9 15.1 59.0 8.4 4 
* U/A indicates whether the indentation is unannealed or annealed: U 
indicates an unannealed indentation; whilst for annealed indentations the 
annealing temperature is given in C. 
U Estimated surface thickness removed by electropolishing after indenting. 
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Table 4.1: Specimen C6 Indentation Details 
Indentation D/S U/A* 1/mm c/' d/imi Depth//, m t r/I: m 
Number 
1 S U 6.4 17.8 55.4 7.9 - 
2 S 550 8.7 14.6 55.7 8.0 6 
3 S U 10.5 14.9 59.0 8.4 6 
4 S 550 12.6 14.7 55.5 7.9 6 
5 S U 14.8 15.6 57.1 8.2 6 
6 S 550 16.6 14.3 55.7 8.0 6 
7 S U 18.0 16.8 59.9 8.6 6 
8 S 550 20.5 14.7 55.4 7.9 6 
9 S U 21.5 14.6 60.0 8.5 6 
10 S 550 24.5 14.2 59.4 8.4 6 
11 S U 26.5 17.0 61.1 8.7 - 
12 S U 28.1 17.0 58.4 8.3 - 
* U/A indicates whether the indentation is unannealed or annealed: U 
indicates an unannealed indentation; whilst for annealed indentations the 
annealing temperature is given in C. 
U Estimated surface thickness removed by electropolishing after indenting. 
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Table 4.1: Specimen C7 Indentation Details 
Indentation D/S U/A* 1/mm "/' d/Mm Depth/ma tr1 /I. m 
Number 
1 S U 13.0 15.9 60.0 8.6 2 
2 S U 14.8 15.2 58.6 8.4 2 
3 S U 16.9 15.0 61.0 8.7 2 
4 S U 18.9 14.5 58.3 8.3 2 
5 S U 21.4 14.4 60.9 8.7 2 
6 S U 23.9 14.2 59.7 8.5 2 
7 S U 28.5 13.5 59.9 8.6 2 
8 S U 31.1 13.3 57.7 8.2 2 
# U/A indicates whether the indentation is unannealed or annealed: U 
indicates an unannealed indentation; whilst for annealed indentations the 
annealing temperature is given in C. 
it Estimated surface thickness removed by electropolishing after indenting. 
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Table 4.1: Specimen C10 Indentation Details 
Indentation D/S U/A* 1/mm 0/' d/um Depth/Ia trtt/I. m 
Number 
1 S 425 12.9 15.1 60.5 8.6 - 
2 S U 14.9 14.8 60.2 8.6 - 
3 S 425 16.9 14.3 69.8 9.9 - 
4 S U 18.9 14.8 57.3 8.2 - 
5 S 425 20.9 14.7 56.5 8.1 - 
6 S U 22.9 14.8 57.9 8.3 - 
7 S 425 24.9 14.5 56.2 8.0 - 
8 S U 27.0 14.6 60.7 8.6 - 
* U/A indicates whether the indentation is unannealed or annealed: U 
indicates an unannealed indentation; whilst for annealed indentations the 
annealing temperature is given in C. 
U Estimated surface thickness removed by electropolishing after indenting. 
156 
Table 4.1: Specimen Cli Indentation Details 
Indentation D/S U/A* 1/mm 4ý/' d//. on Depth//4n t U/Mn 
Number 
1 S U 9.8 18.5 74.0 10.6 - 
2 D 550 14.2 16.1 55.5 7.9 - 
3 D U 17.4 16.6 57.4 8.2 - 
4 S 550 18.6 17.0 56.3 8.0 - 
5 S U 21.2 15.2 55.5 7.9 - 
6 D 550 22.8 14.6 56.2 8.0 - 
7 D U 25.1 16.3 56.3 8.0 - 
8 S 550 26.8 14.6 53.4 7.6 - 
9 S U 30.2 14.6 55.7 8.0 - 
10 S U 33.0 14.7 107.5 15.3 - 
* U/A indicates whether the indentation is unannealed or annealed: U 
indicates an unannealed indentation; whilst for annealed indentations the 
annealing temperature is given in C. 
tt Estimated surface thickness removed by electropolishing after indenting. 
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Table 4.2: Saturation plastic strain amplitudes corresponding to the total 
strain amplitudes used for polycrystalline Al. Values for 
Epl, cum are also included. 
Total Strain 
Amplitude, Et 
Saturation Plastic Number of Cumulative 
Strain Amplitude, Ep Cycles, N Plastic 
Strain, cpl, cum 
0.4 x 10-3 0.19 x 10-3 2.0 x 104 15.2 
2.2 x 104 16.7 
0.6 x 10-3 0.39 x 10-3 5.0 x 103 7.8 
2.0 x 104 31.2 
0.8 x 10-3 0.59 x 10-3 1.015 x 104 23.9 
1.0 x 10-3 0.78 x 10-3 7.63 x 104 23.8 
1.4 x 10-3 1.19 x 10-3 5.0 x 103 23.8 
1.0 x 103 47.6 
1.9 x 10-3 1.69 x 10-3 3.0 x 103 20.3 
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Table 4.3: Strain Amplitude Values Used for Fatigue Testing of Al 
Single Crystals 
Wheel Identification Deflection Total Strain Saturation Plastic 
h/mm Amplitude Strain Amplitude 
WO 0.06 1x 10-4 - 
W1 0.13 2x 10-4 - 
W2 0.26 4x 10-4 1.9 x 10-4 
Zs 
[MPa] 
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Fig. 2.1: Cyclic stress-strain curve of a fatigued copper 
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Fig. 2.2: Schematic diagram of a PSB showing dislocation walls 
composed of vacancy dipoles; the long range effects may be 
understood by considering the wall as a single dipole of 
height bb- 
The boundaries of the PSB can be thought of as arrays of 
edge dislocations separated by a wall spacing d, and with 
an extra half plane pointing outwards. The length DE thus 
spans fewer atomic planes in the PSB than in the matrix 
and the material in the PSB is strained elastically in 
tension in the direction of the primary Burgers vector 
(AA'). (After Antonopoulos et al, 1976). 
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Fig. 2.3 a 
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Fig. 2.3 b 
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Fig. 2.3 a, b: Schematic diagram of the basic mechanisms of (a) 
extrusion and (b) intrusion by combined glide and 
annihilation of dislocations. Full and open symbols 
correspond to the glide sequences A-A' and B-B' in 
tension and compression respectively. All dislocations 
drawn in dipole configurations should be considered to 
have annihilated, and only the individual dislocations 
at A, B, AI and B' have survived the annihilation. The 
latter dislocations which glide out result in the 
formation of slip steps as indicated above. 
(After Essmann et al, 1981). 
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Fig. 2.4: Schematic representation of the formation of rumples. The 
rumpled band direction lies close to that of the primary 
plane intersection with the surface and the individual 
rumples lie along the cross-plane intersection with the 
surface. 
(After King and Teer, 1969). 
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Fig. 2.5: Diagram to show the variation in fatigue dislocation 
structures observed with stacking fault energy (SFE) and 
number of cycles to failure (Nf). 
(After Lukäs and Kiesnil, 1971). 
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Fig. 2.6: Schematic representation of the dislocation arrangement in 
persistent slip bands. 
(After Mughrabi, 1979). 
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Fig. 3.1: The directions, to, of the specimen tension-compression 
axes in the standard stereographic triangle for crystals 
fatigued by White (1984). 
001 oil 
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Fig. 4.1: Shape and dimensions of the single crystal specimens. 
1 18mm 
167 
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Fig. 4.2 a: Direction of the specimen axis, to, and edges, tl and t2. 
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111 
Fig. 4.2 b: Orientations of the single crystal specimens. 
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Fig. 4.3 a 
t 0 
Fig. 4.3 b 
0 
Fig. 4.3 a and b: Orientations of indentations with respect to to, 
and definitions of r and e used to identify areas 
around indentations. Fig. 4.3 a depicts an S-type 
indentation; Fig. 4.3 b depicts a D-type 
indentation. 
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Fig. 4.4: Q, 0 coordinates used to specify positions of indentations 
or etch pits. 
A 
Fig. 4.5: Diagram to show the position A, at which the load was 
applied to the single crystal specimens, and the position 
B, at which the deflection h, was measured. 
mmý 
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Fig. 4.6: Schematic diagram of a hysteresis loop. 
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Fig. 5.1 a: Optical micrograph 
of PSBs developed after N=2 
x 104 cycles at Et = ±4 x 10-4. 
Marker = 100 lim. 
lei 
Fig. 5.1 c: Optical micrograph 
of PSBs developed after N=1 
x 105 cycles at Et = +4 x 10-4 
Marker = 100 E. mi. 
Fig. 5.2: Optical micrograph of 
intersecting bands after 
N=1.8 x 105 cycles at Et = +4 
x 10-4. Marker = 50 an. 
40 
Fig. 5.1 b: Optical micrograph 
of PSBs developed after N= 6x 
104 cycles at et = +4 x 10-4. 
Marker = 100 an. 
Ft 
ýý 
71, 
Fig. 5.1 d: Optical micrograph 
of PSBs developed after N=2.2 
x 105 cycles at Et = +4 x 10-4. 
Marker 100 mm. 
Fig. 5.3: Opt ical microgr. zpli of 
PSBs observed after N=5 
x 103 cycles at Et sf x 10-4. 
Marker = 100 Ian. 
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Fig. 5.4: Optical micrograph of the surface of polycrystalline 
Al foil after 1x 104 cycles at ct = +1.4 x 10-3 and 3x 103 
cycles at Et =- +1.9 x 10-3. Marker = 100 Ian. 
Fig. 5.5 a: SEM micrograph of 
intersecting bands developed 
at Et = 4-1.4 x 10-3 after N 
Fig. 5.5 b: SEM micrograph 
of an area in Fig. 5.5 a 
at. higher magnification. 
5x 103. 
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Fig. 5.6: Stereo--pair showing the dislocation structure developed 
after 2x 104 cycles at Et - +q x 10-4. B [001]; Bozo 
Marker um. 
,. r,, . 
0 
Fig. 5.7: 5tr'rt"r> piiir !- hawing the di! -; hwat on titruc-tIll A('-tý: i'-d 
after 2x 104 cycles at Et -t4 x 10 
4.11 1001J; ao2o; 
Marker 1 Mm. 
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Fit;. : i. H: 1) is Io Bition St ru(-lur(' 
developed after 2x1.04 cycles 
at E1 +4 x 10 4. B -- [001]; 
Ho2o' Marker 1 M. 
Fig. 5.9: Higher magnification 
stereo-pair of the area in Fig. 
5. R. B [0011; gO2o: Marker 
0.5 um. 
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5.10: TBM of' substructure 
produced after N=2x 104 at 
Et-+4x10-4. 
R 10011; g200; Marker =1/. m. 
Fig. 5.1Y.: lEM of subst 1 ucture 
produced after N=2x 104 at Et 
=+4x 10-4. 
B= [0011; g200; Marker = 11. tm. 
I 91V lci 
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Fig. 5.14: TEM of substructure 
produced after N=5x 103 at Et 
+6x 10-4. 
B= [0011; gO20; Marker = 0.5 fin. 
1 i}) F) II: tiul)sI it [it nf'1 ('1 
N2x] 04 at Et =±4x 10 4. 
T= tension-compression axis. 
B= 10011; 6020; Marker -- I to. 
1ý fiF ý . Ark, 
Fig. 5.13: Area in Fig. 5.12 
at h igher magnification. 
B= [001]; g020; Marker 0.4 
lim . 
Fig. 5.15: TEM of substructure 
produced after N5x 103 pit 
Et t6x 10 4. 
B [1121; gill; Markur I {An. 
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Fig. 5.16: TEM of subst ructure 
produced after N == 5x 103 at 
Et+6x 10-4. 
R= [112]; glil; Marker -1 Len. 
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Fig. 5.18: TEM of' substrulct III 
produced after N=5x 103 at 
ct = +1.4 x 10-3. 
B= [0011; gO2O; Marker -0.5l. m 
Fig. 5.20: TEM of' sut)s li u( t tit s 
produced after N=5x 103 at 
et = X1.4 x 10-3. 
B [0011; 9020; Marker -=0.5/. tn. 
b 
b 
kk 
Nig. 5.17: subs t. rucLure after 
N 2x104 at Et -+ 6x10-4. 
T= tension--compression axis. 
B= [001]; 9020; Marker =1 Lm. 
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Fig. 5.19: TEM of substructure 
produced after N=5x 103 at. 
Et +1.4 x 10-3" 
R= [001]; gO20; Marker =0.5tn. 
V i)ý 
- 
`5.: I ýI: 'I'f? M Of stit) struct[II 
produced after N ri x 103 at 
Et +1.4 x 10-: 3. 
B [0011; 6020; Marker I on. 
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A corresponds with the area 
in Fig. 5.21 a. Marker 25{m. 
produced after N=5x 103 at 
Et = +1.4 x 10-9. 
B 10011; 9020; Marker 0.25an 
Fig. 5.2'2 c: Sp(( Im(n !; ui 
appearance, where A and B 
correspond to the areas in Fig 
5.22 a and b. Marker = 2Oim. 
featured in Fig. 5.21 b, 
showing detaiIs of region 
with cross-hatched 1 it ui ;. 
9ý 
"ým 
'd substructure 
produced after N=5x 103 at 
Et +1.4 x 10-3. 
B [0011; 9020; Marker 0. °5l. en. 
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of specimen surface appearance. 
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Fig. 5.24: TEM of substructure 
after N= 2x104, Et = 4x10-4 
at 77 K. Aged for 7 days at 293K. 
B -- (1121,; g220; Marker = 0.5 um. 
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micrograph of an area in Fig. 
5.25 above. 
B= [112]; gi51: Marker = 1jn. 
Fig. 5.28: TEM of substructure 
after N= 2x104, Et - +4x10-4 at 
77K. Aged for 10 weeks at 293 K. 
B= [1121; gi li; Marker =2I. on. 
Fi 5.251: Su bstTIll turtr aft er 
N= 2x104, Et = -f4x10-4 at 77K. 
Aged for two months at 293K. 
B= [1111; g2 fo; Marker -4 on. 
it;. :,.: _'i: W("ak brain (t u'k Iit'Id 
image of part of Fig. 5.25. 
B= [112]; g, 3g with gli1; 
Marker - 0.25i. an. 
Fig. 5.29: TEM of substructure 
after N= 2x104, Et= + 4x10--4 at 
77K. Aged 11 weeks at 293 K. 
B -- [013]; g200: Marker =0.5 ltn. 
F'ig. 5.26: Higher magnification 
180 
Fib;. G. 30: lIM oof Subs lruclUt1 
after N=2.2x104, Et ! 4x10-4 
at 77K. Aged for 7 days at 293K. 
B= (01: 31; g200; Marker = 0.5 j. ön. 
Fig. 5.32: Dislocation structure 
after N=2.2x104 at Et =+4x 
10-4 at 77K. 
B= [1121; gi1i; Marker -0.25lrtn. 
Fig. 5.34: Higher mtign i t'ic: at. icon 
micrograph of part of area in 
Fig. 5.33. 
B= (1121; gl il; Marker = 0.5 in 
r 
Fig. 5.31: Substructure after 
N-2.2x104, Et =+ 4x]0-4 at 
77K. Aged for one month at. 293K. 
B= [112); g311; Marker = 0.5R. en. 
1 
% 
yt 
N= 5x 103 at Et 6x 10-4 
at 77K. 
B (011 ; gill; Marker Ien. 
Niv;. ,. a. `i: Wc. ik 1 iii Mark fiel) 
image of part of area in Fig. 
5.33 showing dislocation loops. 
B [011); g111; Marker O. ri /1n. 
0 
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Fig. 5.36: TEM of substructure 
produced after N=5x 103 at Et 
=+6x 10"-4 at 77 K. 
B= [001]; g200; Marker =I Aim. 
Fig. 5.38: Area in Fig. 5.37 
at higher magnification and 
with different operating g. 
B -- [011]; gi il; Marker = 0.51. nn. 
, 4- *L 
F'Ig. `i. '10: 'I' 1M of, sill) slruclurc" 
produced after N=1x 104 at Et 
_+8x 10 4 at 77 K. 
B= (1121; g220; Marker -- 3 ýnu. 
N- 
I;; y 
6ry;. `).: cl; 11"M oI tiubstIuc Iure 
after N=1x 104 at et =+8x 
10-4 at 77 K. 
B= [011]; g200; Marker 2 Ln. 
Fig. 5.39: Weak begun dark field 
image of part of area in Fig. 
5.37. B= [011]; g, 3g with 
g1" Marker = 0.4 kin. 
`. f. Ptr'y 
' 0 91 
iy,. 
. 
`ý. 'It: Ikm ul suh_; Lructill 
produced after N=Ix 104 at. 
Et= +8x 10 4 at 77 K. 
R (00 11; go2o; Marker 5 on. 
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Fig. 5.42: TEM of substructure 
in an area in Fig. 5.41 to 
show details of walls. 
B -= [0011; gO20; Marker =1 Ltrn. 
°l 
b 9ý 
dd 
Fig. 5.44: Area near region 
in Fig. 5.43 above showing 
labyrinth type structure. 
B (001]; gO20; Marker = 1R. tro. 
AIL 
D 
, 
lotn 
Fig. 5.46: Surface after N 
1x104 at Et = +8x10-4 at 77K. 
Areas in above Fig. s denoted 
(see text). Marker = 50Wn. 
Fig. 5.43: Labyrinth type 
structure observed after Nz 
1x104, Et = +8x10-4 at 77K. 
B7 [0011; g200; Marker ==2.5Len. 
Fig. 5.45: Low magreifirat icon to 
show extent of labyrinth after 
N= 1x104, Et = +8x10"-4 at 77K. 
B- [0011; g020; Marker =5 14n. 
ý«ýýý, . 
I a3 
p 
S' `' 
Via. ' 
t 
It 
I g. 5.47: kihyi nth type 
structure after Nz7.6 x 103 
at E{ {1x 10 3 at. 77K. 
B [001]; gO20; Marker = 0.5i. n. 
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[Too] 
Fig. `). 4H: Lower mergeif'i(; ition 
of substructure in area in Fig. 
5.47 above. 
B- [0011; gO20; Marker -1{. on. 
LAL1 
Fig. 5.50: Area showing a low 
dislocation density after N= 
5x103, et = +1.4x10-3 at 77K. 
R= [001]; g200; Marker -2 an. 
Fig. 5.521: Substructure ýif't er 
N- 5x103, Et = +1.4x10-3 at 
77K of matrix type appearance. 
B= [011); gill; Marker =2 Lon 
sL 
structure observed after N 
7.6x103, Et = +1x10-3 at 77K. 
B= [0011; go2o; Marker -- llAm. 
Fig. 5.51: Higher magnification 
of area in Fig. 5.50 to show 
details of structure. 
B= [0011; 9020; Marker 1 . mi. 
under a different operating 
reflection. 
B 101I1; gill; Marker 
:ý., 
Fit;. 5.1! ): iufh typ, 
184 
I. Arl 
Fig. 5.54: Different matrix 
substructure after N= 5x103, 
ct =+1.4 x 10-3 at 77K. 
B= [001]; g200; Marker =0.51. in 
matrix type structure, after N 
= 5x103, Et = +1.4x10--3 at 77K. 
B= [011]; g111; Marker =2 Lm. 
structure after N=5x 103, 
ct -: + 1.4 x 10-3 at 77K. 
B- [112]; g111; Marker - 5Rtn. 
structure observed after N= 
5x103, Et = +1.4x10-3 at 77 K. 
B= [1121; gill; Marker =2W. 
4" 
ý_+ t 
_' 
of area in Fig. 5.56 to show 
details of matrix structure. 
B= [0111; giii; Marker = i{an. 
at. higher magnification to 
show details of structure. 
R [1121; giii; Marker 1 Ieu. 
c 
Fite. 5.55: Mat r ix t vpr" 
1 1)11icrcüt area with Fig. 5.57: High magnification 
} tg. . 
`).. `iti: Ladder 1. yl)e" Hig. 5.59: Area in Fig. 5.5R 
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^r4 
3 iE 
ýý 
ý' 
4" 
"is 1 
0 
l. ý5t ýýTýiyýr 
aý 
" 
iiN. . 7'ID'i AA 
Fig. 5.60: Surface structures 
after N=5x103 at Et-±1.4x10-3 
Arrow denotes grain featured 
in Fig. 5.58. Marker = 100 mm. 
ý,. , ý. 
s ý. ý .' ý9'ý 
ýi , -ý'ý 
At t iii i, 18. : J. Fjl 
at higher magnification to 
show small dislocation loops. 
B= [0111; g111; Marker -1 Imi. 
at higher magnification to 
show dislocations in channels. 
B- (0011; gogo; Marker =1 Lfln 
.TT.: 
`E'. 
`ý 
A 
5ý 
Fig. 5.61: Ladder type 
structure observed after N= 
5x103, Et = +1.4x10-3 at 77K. 
B- [0111: gill; Marker =5 Ren. 
ý. oý 
r--ý 
Fig. 
uncondensed labyrinth after N 
= 5x103, Et = +1.4x10-3 at 77K. 
B- (0011; 9010; Marker 5 Nn. 
F '; III 1; 1I A? u, iii ,. 
observed, where A denotes the 
area featured in Fig. 5.63. 
Marker 25 Un. 
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i 
I` 
`ýý,. . 
ýý 
ýg 
t 
ýTý ' ýý 
Ip'. ; ). Eif;: Lass wo II de 1, inecl 
labyrinth structure after N 
5x103, Et = +1.4x10 3 at 77K. 
u, 00 1' X070; Marker 2k4n. 
ip". 11.68: SIN Of, ', III fn( (ý trfI, "r 
N 5x103 at et - t-1.4 x 10-3. 
Arrow denotes area which 
corresponds to Fig. 
.I 
Fig. 5.70: Area with parquot 
Ilke appearance after N=5 
x103, Et 41.4x10 9 it t 77K. 
R 10131: 92O0, Markoff 5 "n 
at h igher magn i t' i cat «in t I) 
show dislocations in channels. 
11 ý001 ' _.; ý 
M; It i' ,11 . dll_ 
Ii. "I1, , , -0 . 
labyrinth structure after N 
5x163, Et - +1.4xIO-3 at 77K. 
H r)II;, L'i3i: M,, rI.: lfill! 
1 
Fig . 
ßi. 71 a' Surt; i, 
which c"ur"rvspc, nds to ; irvi irr 
Fig. 5.70 dviioti't1 A. 
Mrt1'ki"r 2' {. n. 
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t :ý. -ii 1): (d , irea ill 
Fig. 5.71 a. A corresponds 
to the substructure shown 
in Fig. 5.70. 
Fig. 5.72 a: Labyrinth type 
structure observed after N= 
5x103, ct = +1.4x10-3 at 77K. 
B= [001]; g200; Marker =I1. m 
5.72 a under different 
operating reflection. 
F3 10011; g220; Marker =1l. bn 
Fig. 5.71 (`: Aii", i in fei),;. 
5.71 b at higher magnification 
showing apparently featureless 
surface in area denoted A. 
r ^' r' 
e 
119-ý4 
+ 
Ii, 41 
Fig. 5.72 b: Area in Fig. 
5.72 a under different 
operating reflection. 
B= 10011; g020; Marker 11. m. 
ý 
IT 
eý. -y , 
5.72 a under a different 
operating reflection. 
I Imi. B 1001 º; gz20; Marker 
188 
Fig. 5.7Z c: Arc, ii in 
5.72 a under a different 
operating reflection. 
B= (011]; gill; Marker =1º. om. 
w 
l 
i, I 
ý1 
Fig. 5.73: Condensed labyrinth 
type structure found after N= 
5x103, Ct = +1.4x10-3 at 77K. 
B= [0011; 9200; Marker =2M. 
I ww r 
predominantly [1001 walls after 
N=5x103, Et = +1.4x10-3 at 77K. 
B= [0011 ; 9020; Marker -4 an. 
V., 
Fig. 5.72 1': Area ui I ig. 
5.72 a under a different 
.;,. -ý 
,' 
. tea 
{:, 
.ý ,, 
operating reflection. 
B= [011]; gill; Marker 1 den. 
Fig. 5.74: High n i( ; It i(>n 
of area in Fig. 5.73 to show 
channel dislocation details. 
B= [0011; gO2o; Marker =I mm. 
b 
b ci 
a b 
b 
= 
Fig. 5.75 b: Area in Fig. 
5.75 a under different 
operating reflection. 
11 [0011; 9 200; Marker 1 wn. 
189 
,ý 
Fig. 5.75 c: Area in Fig. 
5.75 a under a different 
operating reflection. 
B= [001]; 9020; Marker= I mm 
.S 
't 
cub 
Fig. 5.75 e: Area in Fig. 
5.75 a under a different 
operating reflection. 
B- [001]; g220; Marker =1 Wu. 
''r 
9e 
i^ r 
Fig. 5.75 d: Area in Hig. 
5.75 a under a different 
operating reflection. 
B 10011 ; g22O; Marker 1 {. en. 
Fig. 5.7f f: Area in Fig. 
5.75 a under a different 
operating reflection. 
R- (0111; g11i; Marker 1 lea. 
's. 
}ig;. 5.75 g: Ai ... it, Iif;. 
5.75 a under a different 
operating reflection. 
B= (011]; gill; Marker =1 Run 
5.75 a under different 
operating reflection. 
B [0111; 9022; Marker I W. 
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''fin 
,. 
ý. 
*ýý 
0 
F'ig. 5.7f i: Weak beam dark 
field image of an area in 
Fig. 5.75 a. B= [001]; g, 
3g with g200; Marker =0.3am. 
r, " -ýý 
. ý- 
Fig. 5.77: Area in Fig. 5.76 
at higher magnification to 
show details of structure. 
B= [0111; g200; Marker = 1jun 
Fig. 5.79 a: Area in Fig. 5.78 
at higher magnification to 
show cluster details. 
B= 1001J; 9020; Marker =0.5mm 
Fig. 5.76: Cell type region 
forming in walls after N= 
5x103, Et = ±1.4x10-3 at 77K. 
I3 [011] ; glij; Market : _'Ldn. 
Fig. 5.78: Cluster structure 
at low magnification after N= 
5x103, Et = +1.4x10-3 at 77K. 
B= [001]; 9200; Marker - 2w. 
yr 
Fig. 5.7 9 b: Ari"a in Fig. 
5.79 a under a different 
operating reflect ion. 
B= [0011; g2oo; Marker 0.5 i. an. 
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Fig. 5.80: Area in Fig. 5.78 at very low magnification to 
show extent of cluster region. 
B= [0011; Marker = 10m. 
tW4 
J& 
,j ;. j 
aý 
F 
1' 
t, 
Fig. 5.81: Low magnification optical Micrograph Of spec uncn 
surface after 5x103 cycles, ct = +1.4x10-3 at 77K. A denotes 
labyrinth type area corresponding to Fig. 5.73 and 5.74; B 
Marks area where cluster type features (Fig. 5.80) observed. 
Marker = 50 Mn. 
192 
5.81 illustrated at to cluster structure shown 
higher magnification. in Fig. 5.80. 
Marker = 25 mm. Marker = 20 {kn. 
N= 5x103 at Et = +1.4 x 10-3. 
Area corresponds to that in 
Fig. 5.82. 
Fig. 5.85: SEM stereo-pair of' structure In a region ui' Fig. 5.84 
which has been found to correspond to cluster type dislocation 
structures. 
I''ig. 'i. }i: i: Ar (`Y1 ( ut r-: -{-nd irig -II 
Fig. 5.84: SEM of surface after 
193 
F 
ý. 
r'ý" 
yýýY, 
r'.. 
"6., 
F iv. 5MO. Format ion () ( lu:; fei 
and labyrinth structures 
within one grain after N- 
103, Et +1.4x10 3 at. 77K. 
[0011; 9020; Marker 5 i. In. 
Fig. 5.87: Labyrinth area in 
Fig. 5.86 at higher magnifi-. 
cation. 
B= [001]; E020; Marker lun. 
1,1 g. 5. HH: Heg, IOn in Nit;. `). t#i 
showing areas of dislocation 
tingles. 
B (OU 1 1; goo; Marker I un. 
194 
S 
4 
s: _ 
" 'ý 
Fig. 5.89: Area in Fig. 5.86 
in which cluster structures 
appear to be forming. 
B= [001]; 9020; Marker =1t. 
r"gý 
ß 
Fig. 5.90: Another example of 
clusters forming after N=5 
x103, Et = +1.4x10-3 at. 77K. 
B= [0011; g200; Marker - Ian. 
Fig. 5.91: Stereo-pair of cluster structure forming from tangles 
after 5x103 cycles, ft = +1.4x10 3 at 77K. B [0011; g2oo; 
Marker = 0.5 Mm. 
195 
_:. ý 
~ y 
I g. A[not her (-11"I)1e 
of cluster formation after N= 
5x103, Et = +1.4x10 3 at 77K. 
B= [0111; g200; Marker = 514n. 
aL nigner, wignification to 
show cluster details. 
B= 10011; 9200; Marker Im. 
Fig. 5.94: Example of' dislocation tangles and 
wall formation near the cluster region in Fig. 5.92. 
B 10011; 9020; Marker 2 1411. 
Aff 
'«µ"l'4 ` yý . .. 
.` 
Fig. 5-95: Opt K ill mt( i (p, I 11) 11 o( sui iý sl iut ui e after N 55 x 
103, Et = +1.4x10-3 at 77K. A corresponds to cluster features in 
Fig. 5.92; B corresponds to matrix (Fig. 5.56). Marker 100 on. 
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A 
a ", 
ýl 
dý y iy1', 
Fig. 5.96: Area in Fig. 5.95 
at high magnification to show 
details of regions A and B. 
Marker = 25 Mm. 
Fig. 5.98: Area which has 
been found to correlate with 
cluster features in Fig. 5.92 
at higher magnification. 
.. 
e. ýýý 
ý`'ýý, º 
Fig. 5.100: Area in Fig. 5.99 
at higher magnification, to 
show dislocation tangles. 
B [0111; g1.11; Marker -I lin. 
Fig. 5.97: SIM pof surf: i e 
areas corresponding to 
regions A and B in Fig. 
5.95. 
Fig. 5.99: Area showing regions 
with dark contrast after N=5 
x103, et = +1.4x10-3 at 77K. 
B= [0131; g2oo; Marker =3um. 
'7 
y, t 
\ 
Fig. 5.101: Surface structure 
corresponding to the region 
shown in Fig. 5.100 marked A. 
Marker 25 an. 
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hatched" structure developed 
after N=5x 103 at Et = 
bands" developed after 
N 5x103 at Et = ±1.4x10-3 
+ 1.4 x10-3 at 77 K. at 77 K. 
fi }t .). 
102 S1 M of' "cross 1 ý', Wý ,I ýl ,I '1 (11111,1 ed 
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-'t 
i'ý r 
F. t.. I ii: Optical micrograph 
of area near C7.3SIJ after N 
1.6 x 103 cycles, W1 
Marker = 30t. tm. 
ifl 
x 
d iý 
lot, t 
Fig. C. 1 I): Ott is al mi( rograptt 
of PSBs developed near C7.3SU 
after N 6.5 x 103 cycles, W2 
Marker = 30 on. 
FIN,. F;. 1 (: Opt i("al mi(ýrogr; al, h 
cif' C7.: iSIJ at lower magnification 
after N 6.5 x 10: 1 cycles, W"`. 
Marker = 150 ihn. 
L 
. '0000o ) 
1" 
'lit - 
'Nip 
I'I!, :.. OI,, I, II HII( I )""IoE>li 
of area near C7.6SU after N 
1.6 x 103 cycles, WI. 
Marker 30 4n. 
of PSBs developed near C7.6SU 
after N=6.5 x 10.3 cvc la's, W. ). 
Marker - 30 lin. 
(II C7. tiSII at Iowe i mat; Lcific nt iOil 
after N 6.5 x 1O 
j 
cycles, W2. 
Marker 150 I-lu . 
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F'ig. 6.3 a: SEM micrograph 
of PSBs developed near C7.3SU 
after N=6.5 x 103 cycles, W2. 
of PSBs developed near C7.3SU 
after N=6.5 x 103 cycles, W2. 
Crystal tilted to a higher angle 
Fig. 6.4 a: SEM micrograph 
of PSBs developed near C7.6SU 
after N=6.5 x 103 cycles, W2 . 
Fig. b. 4 b: SEM snit tugi; ipfi 
of PSBs developed near C7.6SU 
after N=6.5 x 103 cycles, WZ. 
Crystal tilted to a higher angle. 
to show PSB details. to show PSB details. 
Fig. 6.3 b: SEM micrograph 
200 
IDS 
""t' 
" 
of PSBs developed near C10.2SU 
after N 1.05 x 104 cycles, Wh. 
Marker - 150 mi. 
Fig. 6.5 h: Opt ical mit rograI h 
of PSBs developed near C10.2SU 
after N 1.25 x 104 cycles, W2. 
Marker = 150 am. 
Fig. F>. Fi u: Opt ica1 mit rýýt rap}i 
of C10.2S11 at higher magnification 
öfter N 1.25 x 104 (y( Ies, W2. 
MarkNr -- 30 um. 
of area near C10.3SA after N= 
]. 05 x 1()4 cycles , W-). 
Marker - 150 an. 
Fig. 6.6 b: Opticat mir rigr: iplý 
of PSBs developed near C10.3SA 
after N 1.25 x 104 cycles, W2. 
Marker 150 {m. 
.. 49da 
f ta 
at, highcr mag; nit'i<"at ion, of 
C1O. 3SA altar N I. 25 101 
cycles, W-`. Marker AO Nn. 
201 
._ýl 
ý' Mt 
lýýý 
ý_ 
Of F'SBs developed near C tO. 2SU 
after N-1.25 x 191 cycles, W-). 
ID 
.0 
?1 
of PSBs developed neat, C10.3SA 
after N =1.25 x 104 cycles, W2. 
y ýR 1` l; a 1: ' t OrAL IMM. 
Fig. 6.9 a: Opti l micrograph 
of PSBs developed near C11.5SU 
after N == 2x 103 cycles, Wl. 
Marker = : 30 mm. 
Fig. 6.9 b: Optical mi 
of PSBs developed near C11.7D11 
after N-2x 103 cycles, W1. 
Marker 30 an. 
r 
* 
r 
ýs 
of PSBs developed near CII. 4SA 
after N2x 103 cycles, W 
Marker 30 jun. 
4 
e 
of PSRs dt'vt" 1 oped ncur Cl I. t; UA 
after N24 10: 
3 
( yu I es, W1. 
Marker 30 /An. 
r 
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Fig. G. 10 a: Old i(il miu l ooyraph, 
at lower magnification, of PSBs 
developed near C11.5S11 after N 
-2x 103, W1. Marker = 75 Ltn. 
ii ?". l,, l1: lips I, 1I III t( I ugi iiph 
of area near C11.10SU after N 
2x 103 cycles, W1. 
Marker = 30 mm. 
Fig. f;. 1a il: SEM fill, -r ogrziph 
of area near Cil. 1SU after 
N-2x 103 cycles, W1. 
A 
Fig. 6.10 b: OpLic"a1 mi crograph, 
at lower magnification, of PSBs 
developed near C11.7DU after N 
2x 103 , W1. Marker 75 Ian. 
Al D 
ý. 
ýw 
e 
1-. 
1' iß; " tý. 1. _': Ot, t 11,1 1 III ! (I. !! ! 1). 1 , cl 
lower magnification of area near 
C11.10SU after N=2x 102 
cycles, W1. Marker Goan. 
of area near C11. IOSU after 
N=2x 103 cycles, W1. 
203 
D\ 
Fig. 6.14 a: Optical micrograph 
showing slip bands near C6.11SU 
after indenting. 
Marker = 301. ao. 
Fig. 6.15 a: SEM micrograph 
showing slip bands near C6.11SU 
Fig. 6.14 b: opt i (1i micrograph 
showing slip bands near C6.12SU 
after indenting. 
Marker = 3014n. 
ý. x.. ,:. . }.,, ". 
¢ý 
ý 
Fig. 6.15 b: SEM micrograph 
showing slip bands near C6.12SU 
after indenting. after indenting. 
204 
D\ 
0, 
t 
fit; - t.. . r, . i. vý, 
i ,: i aii ýýý . ij "u 
of area near C6.5SU after N 
2x 103 cycles, W1. 
Marker, 50! -on. 
Fig. G. If; b: Oi t wa1 mi( r(wr. iph 
of PSBs developed near C6.5SU 
after N=4x 103 cycles, W1. 
Marker = 50 lim. 
N 1g. 11. I(; (: Opt i( a1 inic: rugraph 
of PSRS developed near CG. 5Stl 
after NRx l0ý yc ifs, Wl. 
Mar-kur - 50 um. 
,, I.,:, l>t I( II mII't I 11)11 
of area near C6.11SU after N 
2x 103 cycles, Wl. 
Markei F0 l. en. 
Fig. G. 17 l,: Opt ir, d roil r; >t; i 
of area near C6.11SU after N 
4x 103 cycles, W1. 
Marker = 50 Nn. 
r 
ý. 
ýt r, 
x 
ý 
Fig. F). 17 c: Opt iý il mi< r, y; rr+} I 
of H 1'("i Haar Ch. 1 ISU : tI trN 
Sx 10.4 r"yc"Ies, W. 
Markt'r 50 {. fin. 
205 
1,1y,. (". Iii ; i: Opt it. il mit Iop'l; I'H 
of area near C6.4SA after N 
.ýx 10,3 cycles, Wj . 
Marker `)Omi. 
F i?,. G. I U: Opi, ical mi(_rograpkm 
of PSBs developed near C6.4SA 
after N4x 103 cycles, W1. 
MarkF'r 50 on. 
t 
-ý 
Fig. H. 14 ; I: Ojai is i0 mir:, y, i 11-11 
of area near C6.6SA after N- 
2x 103 cycles, W1 
Marker 50 an. 
Marker = 50 14n. 
of PSBs dL"vc" 1 oped nv; ir" (f;. (iSA 
tf'1t"r N S3 x I0; }I I. "c;, Wý. 
Mar"kür 50 R. iu. Ma ke"t iO mi. 
Fig. f?. 19 l): Opt ii , il l r}ýi: ipl; 
of PSBs developed near C6.6SA 
after N4x 10,1 cycles, W1. 
I ": y,. t; I>< <. Opt 1, , 11 till( lO'1ap1 
of' PSBs developed near C6.4SA 
;, ft"r N8x 101 cycles, W1. 
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or area near CG. 55U a Lt er N 
2x 103 cycles, W. 
of PSBs developed near C6.5SU 
after N=6x 103 cycles, W, . 
L of area near Cfi. I Stl after N 
6x 103 'y. leS, Wl. 
()f PSR' d 'S/v "I r)poil near (T ASA 
after N F; x 10; ry(. If-:;, WI. 
of area near C6.11S11 after N 
2x 103 cycles, W1. 
Of area near CF. 4SA after N 
2x 10 cycles, W, . 
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s1 a 
ý' 
+ýý ý_ 
1ý -t DI is 
; 3: Optical micrograph 
showing slip bands near C3.1SA 
after indenting. 
Marker -- 30 on. 
D/ 
showing slip hands rear C3.3DA 
after indenting;. 
Marker : 30 d. tn. 
{ 
"t 
showing slip bands near C: 3.5SA 
after indenting. 
Marker 30 an. 
Ytý` 
T 
ry 
''iA 
3ýF P19o 
showing sI ip bands near r"t. 71)A 
after ind nl iri . 
Marker 30 all. 
of PSBs developed near C6.6SA 
after N=6x 10 (ycles, W, . 
ý --, I. .; I. ýi niIý ý ")'ý; II 'II 
of area near C6.6SA aftet N 
2x 10"' cycles, W1. 
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Fig. 6.25: Optical micrograph 
of PSBs developed at narrow 
end of C3 after N=2x 104, 
W0. Marker = 5011m. 
11.0 
001, 
Fig. 6.27: Optical micrograph 
of PSBs developed on C3 at 1= 
12.7 mm, m=0.5' after N= 8x104, 
cycles, W1. Marker = 50 Wu. 
1, iy,. I). Z`, f , i: SRN mit r<>gr: ip h 
of PSBs developed near edge tl 
at wide end of C3 after N= 
8x 104, W1. 
'a_ 'a 
f ;, 
D ýJ 
ý. ýýý 
Fig. 6.26: Optical micrograph 
of PSBs developed on two slip 
planes near edge tl of C3 after 
N= 7x103, Wl. Marker = 50 tan. 
B ID 
"of 
`"t ýýýý 
r 
1' ýý fr l I 
tl It 
Fig. 6.28: Optical micrograph 
of C3 at 1= 31mm, 1=1.2', 
showing PSBs on two slip planes. 
N-8,104, W1. Markur 50 an. 
F'I}{- E,. 1.: ) ti: tiL? 1 III i' ruf, r, 
of part of Fig. 6.29 a at 
higher mugnificat. ion to show 
PSB details. 
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Fig. 6.30 a: Opt L( d mir Iop't. Ipli 
of PSBs developed near C3.2SU 
after N=2.2 x 104 cycles, W1. 
Marker = 50gmi. 
, avý' 
". 
10 
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WIT 
r 
Fig. 6.30 b: Optical micrograph 
of PSHs developed near C3.2SU 
after N=4.2 x 104 cycles, Wl. 
Marker = 50 Ido. 
Fig. 6.30 c: Optical micrograph 
of PSBs developed near C3.2SU 
after N=8x 104 cycles, W1. 
Marker = 50 fin. 
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Fig. 6. al a: Optical mit i ()I; i ai)h 
of PSBs developed near C3.6SU 
after N=2.2 x 104 cycles, W1. 
Marker = 50 Im. 
a 
: ls 
Fig. 6.31 b: Optical micrograph 
of PSBs developed near C3.6SU 
after N=4.2 x 104 cycles, W1. 
Marker = 50 Lin. 
/000 
Fig. 6.31 c: Opt iral micrograph 
of PSBs developed near C3.6SU 
after N8x 104 ryr1u s, W1. 
Marker -- 50 Nn. 
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Fig. 6.32 a: Opt ic(rl mcctogrut)h Fig. 6.33 a: Opt ical micrograph 
of PSBs developed near C3. ISA of PSBs developed near C3.5SA 
after N=2.2 x 104 cycles, W. after N=2.2 x 104 cycles, W. 
Marker = 50Wn. Marker = 50 Ltn. 
y ýY 
ir 
' 
Fig. 6.32 b: Optical micrograph Fig. 6.33 b: Optical micrograph 
of PSBs developed near C3.1SA of PSBs developed near C3.5SA 
after N=4.2 x 104 cycles, W1. after N=4.2 x 104 cycles, Wl. 
Marker = 50 tn. Marker = 50 Rm. 
14-1 
0 0,0, 
00, 
/00 
" 
Ir 
Fig. 6.32 i,: Optical mic_rctgraph Fig. 6.33 c-: Optical micrograph 
of PSBs developed near C3.1SA of PSBs developed near C3.5SA 
after N=8x 104 cycles, W1. after N8x 104 cycles, W1. 
Marker = 50 um. Marker 50 4n. 
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Fig. 6.4 a: Opt w al mm r(q,, r; rpIi l;. af) a: Opt i(<il mrcrogr; rph 
of PSBs developed near C3.4DU of PSBs developed near C3.8DU 
after N=2.2 x 104 cycles, W1. after N=2.2 x 104 cycles, W1. 
Marker = 50Wn. Marker = 50 an. 
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-1I 
, 
Fig. 6.34 b: Optical micrograph Fig. 6.35 b: Optical micrograph 
of PSBs developed near C3.4DU of PSBs developed near C3.8DU 
after N=4.2 x 104 cycles, W1. after N=4.2 x 104 cycles, W1. 
Marker = 50 fin. Marker = 50 an. 
Ir P 
Fig. 6.34 c: Optical micrograph fi. aF) c: Opt is ; il mr r< ý; r. r} h 
of PSBs developed near C3.4DU of PSBs developed near C3. HDII 
after N=8x 104 cycles, W1. after N-8x 104 c'yc"l(, s, Wl. 
Marker = 50 on. Marker 50 Lm. 
Fig. 6.36 a: Optical micrograph 
of PSBs developed near C3.3DA 
after N=2.2 x 104 cycles, W1. 
Marker = 50º. 4n. 
of area near C3.7DA after N= 
2.2 x 1O cycles, W. 
M ,Ik, -l 7,0 cell. 
Fig. 6.36 I): Optical micrograph Fig. 6.37 1); Optical mirrogr; iph 
of PSBs developed near C3.3DA of PSBs developed near C3.7DA 
after N=4.2 x 104 cycles, W1. after N 4.2 x 104 , y(. les, Wl. 
Marker 50 M. Marker 50 an. 
/// 
// 
.`' "` x l= . 00 
1.0 
Fig. Optical mict-ograpll 
of PSBs developed near C3.3DA ,f f'SBs developed zwar C3.71)A 
after N-8x 104 cycles, W1. after N8x IOI e yr'h"s, WI 
Marker 50 min. Marker 50 on. 
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4S; 
I- iN. 0. Sit <a: Opt ic, i Imic rogi . tt: li 
of area near C3.6St1 after N 
3x 103 yeles, Wl. 
Marker = 30um. 
FF , (, F 
ý. 
Fig. 6.38 b: Optical micrograph 
of area near C3.6SU after N 
2.2 x 104 cycles, W1. 
Marker = 30 mm. 
t 
of PSBs developed near C3.5SA 
after N :1x 10 cycles, Wl 
ýtII lI: n 4411. 
l 
1 
Fig. 6.39 b: Optical 
of PSRs developed near C3. f5SA 
after N 2.2 x 104 ycles, Wl. 
Marker 30 an. 
/f 
Gil;. G. 38 c: Optical mi< 
of PSBs developed near C3.6Sll 
after N 4.2 x 104 (VCI('S, W1. 
Marker == tO an. 
I'SHs (1i"vcloJH'tl near C: {. 'O; A 
i ft or- N I. '-' x 10" S yr l 's , W). 
Marker 30 lall. 
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I, IF;. f;. :; H 'I: Of, t if; II m:, i. %I'1f, i; 
of PSBs developed near C3.6SU 
after N-8x 10 cycles, Wl. 
Marker : Main. 
Fig. 6.40 a: Optical mif row; q, 
of PSBs developed near C3.4DU 
after N -- 3x 103 cycles, W1. 
Marker = 30 ihn. 
i 
.o 
Fik;. f;., 10 t': 01,1 ical ir; 
of ['SRs devc'1(rf)ed near C3.4illi 
ift( rN2.2 x 104 cycles, Wi. 
Marker = : 30 on. 
f%lýl 
of PSBs developed near C3.5SA 
after N-8x 104 cycles, hij. 
Marker 30 ben. 
Fig. 6.41 a: Optical micr, yr. q-ý: 
of area near C3.31)A after N 
3x 10'3 cycles, W1. 
Marker 30 fan. 
; )p1 1, : ýI u; h'ig. G. 11 I. 
of l S}is devt'7opcd Q('UI +'; i. 'iI)A 
Wl. after N 2.21 cyclos 
Market 30 an. 
-J 
Fig. 6.40 c: Optical micrograph 
of PSBs developed near C3.4DU 
after N=4.2 x 104 cycles, W1. 
Marker = 30i. ä0. 
/ 
/ -- 
Fig. 6.40 d: Optical micrograph 
of PSBs developed near C3.4DU 
after N=8x 104 cycles, W1. 
Marker = 30 jun. 
Fig. 6.41 c: Optical micrograph 
of PSBs developed near C3.3DA 
after N=4.2 x 104 cycles, W1. 
Marker = 30 {. gyn. 
i ýrý __.... M 
Fig. 6.4 1 (i: Opt ical micrograph 
of PSBs developed near C3.3DA 
after NHx 104 cycles, Wl. 
Marker = 30 On. 
ýdm 
. L.. -I 'ý` 
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Fig. 6.42 a-h: SEM micrographs showing details of I'Slis developfrd 
near unannealed and annealed indentations in C3. 
6.421: (': 2. ISA, N HxIO'l, WI. L. "1::. i: C3.2SIJ, N Hx10'1, WL. 
hA2d: c:. f; SA, N Hx I01, W1. 6.42c: C3.6SU, N-8,104, Wl. 
6.42e: C3.4DIJ; N 8xlO4, WI. 
6.42h: c; a. 7UA, N r; xIUI, W1. 6.42g: C3. HDU, N 8x104, W1. 
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! V' iv. ý. Vi : SEM toi (roo-aj) t 
t() show details of the 
I'tiRs developed near C3.2S11 
. tf't(, r NHy IO 
4 
. y(. l(, s, WI. 
Fig. 6.44 a: Optical micrograph 
of PSAs developed near an etch 
pit at 1 : 12.7mm, m -=12.8' after 
N -- 8x104, W1. Marker - 30 an. 
i i, IIf, I'ýt u I, il Ii 
i I-Rs developed rrret" the 
I, it above, sifter N 
1O4, W1. A I-Sit is aptnrrt"nl 
Thin thi pit. 
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Fig. 7.1: Optical micrograph 
of unannealed indentation in 
F71 to show areas examined 
by TEM. Marker = 10 . in. 
ee ý1 
:4 
Fig. 7.3: Dislocation structure 
observed in region B within the 
indentation in Fig. 7.1. 
B [011]; ffiii; Marker 0.5k. ui 
Fig. 7.2: Dislocation structure 
observed in region A within the 
indentation in Fig. 7.1. 
B= [011]; g200; Marker = O. 4W. 
Fig. 7.4: Dislocation structure 
observed in region C within the 
indentation in Fig. 7.1. 
B= [0111; giii; Marker 0.: 31. mß. 
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Fig. 7.6: Dislocation struutur, 
observed in region A within the 
indentation in Fig. 7.5. 
B= [0011; go2o; Marker = 0.2E. im. 
d 
i rr 
VOW 401b d 
d 
Fig. 7.8: 1) isI s n, tion structure 
observed in region C within the 
indentation in Fig. 7.5. 
B- [0131; 9151; Marker = 0.2on 
Fig. 7.5: Optical micrograph of 
unannealed indentation in F131 
show areas examined by TEM. 
Marker - 20 {. m. 
observed in region B within the 
indentation in Fig. 7.5. 
B= [0011; g020; Marker -O. 25am. 
.: Ii; 
Lill fi ti 111 I ll 1 l' 
observed in region D within the 
indentation in Fig. 7.5. 
R 10011; go2o; Marker 0.25L4n. 
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observed in region E within the 
indentation in Fig. 7.5. 
B- (001j; gO20; Marker == 0.2iu. 
Fig. 7.1'2: 1)ish)(at Ion StI -Uct urc, 
observed in region G within the 
indentation in Fig. 7.5. 
B= [0111; g111; Marker = 0.4i. nn. 
ý! º,.,. 
ý' 
3 lwmffiý 
Fig. 7.14: Anutlu i t-yumt, lo, ý)t 
microstructure in region H near 
the indentation in Fig. 7.5. 
B =- [001]; gOZO; Marker - 0.5. nn 
observed in region F within the 
indentation in Fig. 7.5. 
B 10011; gzoo: Marker - 0. ` Ltn. 
1T 
ir; luc: it ton structure 
observed in region H near the 
indentation in Fig. 7.5. 
B= [001]; 9020; Marker I an. 
Fit;. 7.15: UisItwit l ion structure 
observed in region I near the 
indentation in Fig. 7.5. 
R [0011-, go2o; Marker 1 R. 1n. 
Fig. 7.1 1: Oisl )(: it i,, 1i siim dirt, Fi sf .7.10: 1) 1 ý; I ()( at loon -; t rui t UI 1 
f ýtf 
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Fig. 7.16 a: Schematic diagram to show the positions of TEM areas 
at 3.3d (A), 2.3d (B), 1.2d (C) and 0.5d (D) in the grain containing 
the unannealed indentation in F133. E corresponds to the area 
examined in an adjoining grain, close to the grain boundary. 
Wl-t- ýk 
D 
Fig. 7.16 b: Optical micrograph 
of the unannealed indentation 
in F133 shown schematically in 
in Fig. 7.16 a. Marker -- 20 an 
Fig. 7.17: Dis 1o<aLtoil st ructuI 
ohs(-r"ved at pos iti on A shown 
in Fig. 7.16 a above. 
H( 001 1; g(: ), O; Marker 
I /. m. 
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Fig. 7.18: Dislocation structure 
observed at position B shown 
in Fig. 7.16 a above. 
B= [001); 9020; Marker =1 Ion. 
I 
ýf 
i. ,ý 
..,. ". 
Fig. 7.20: Dislocation structure 
observed at the indentation edge 
denoted D in Fig. 7.16 a above. 
B= (013]; g200; Marker = 0.5Ln. 
I.. 
ir' ý. ýt 111 ,. 
. '% 
Fig. 7.19: Dislocation structure 
observed at position C shown 
in Fig. 7.16 a above. 
B= [001]; gO20; Marker =t stn. 
1 
1ýA 
i w3 
ti 
Fig. 7.2L I)islocat. ion structure 
in grain adjoining the indented 
grain, denoted E in Fig. 7.16 n. 
B= [0011; ggoo; Marker I on. 
223 
B 
Fig. 7.22: Optical micrograph 
D 
of unannealed indentation in 
F266 to show areas examined 
ý`ý by TEM. Marker 20 Mn. 
Fig. 7.23: Dislocation structure 
observed near the indentation 
edge denoted A in Fig. 7.22. 
R= [001]; g200; Marker = 0.4w. 
Fig. 7.21 a: Miß rOsttuetmee 
observed in region B at edge of 
indentation shown in Fig. 7.22. 
B= (001]; 9020; Marker 1 0.51im. 
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Fig. 7.24 b: Area shown in Fig. 
7.24 a at higher magnification 
to show microstructure details. 
B= [0011; go2o; Marker - 0.4um. 
Fig. 7.251 b: Area in Fib;. 7.25a 
above under a different 
operating reflection. 
B= [001]; gO20; Marker = 0.5in 
Fig. 7.25 <I: Aren in 7. Z5 a 
above under a different 
operating reflection. 
B= [013]; g131; Marker = 0.5un. 
-I 
I, i },, .r.. ,t %11, t ''t II Itut s 
observed in region C at edge of 
indentation shown in Fig. 7.22. 
B= [013]; g2oo; Marker = 0.5m. 
Fig. 7.251 c: Area in Fie. 7.; -'ýi it 
above under a different 
operating reflection. 
B [0011; g220; Marker 0.50n. 
Vi g. 7.25 e: Artýit in f iy,. 
above under a different 
operating reflection. 
R [013) ; gi31; Marker, 0.51A. 
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Fig. 7.26 a: Microstructure 
observed in region D within the 
indentation shown in Fig. 7.22. 
B =- [0011; g020; Marker = 0.5(o 
Wit.. 
Fig. 7.26 c: Microstructure in 
area adjoining region D shown 
in Fig. 7.26 a above. 
a= 0011; g200; Marker = 0.5gm. 
I 
h'ig. 7.25 f: Area in Fig. 7.25 <r 
above under a different 
Fig. 7.26 b: Area in Fig. 7.26 a 
at higher magnification to show 
microstructure details. 
B= [0011; g200; Marker 0.3in. 
Fig. 7.26 d: Weak he", im (lit rk 
field image (g, 3g) of part of 
the area shown in Fig. 7.26 c. 
B= [00]]; gtoo; Marker 0.25Nn. 
operating reflection. 
B= [114]; g311; Marker = 0.5Mm. 
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Fig. 7.27: Optical micrograph of 
unannealed indentation in single 
crystal material showing area 
examined by TEM. Marker = 20 um. 
Fig. 7.28 a: Miurost r, uuturu 
observed near the indentation 
edge denoted A in Fig. 7.27. 
B == [011]; gild; Marker _ 0.4. an. 
F"i . 7.: '. ti b: W(.; ik [),.; till 'Lli I, 
twld image (g, 3g) of area 
i r; Vi g. 7.28 a above. 
It : 011 ', iti ft" Mnr hi 1)_-Ilnu 
Cp 
B 
Fig. 7.29: Optical micrograph 
of annealed indentation in 
F274 to show areas examined 
by TEM. Marker = 201. n. 
observed in region A within the 
indentation in Fig. 7.29. 
B= [001]; 9020; Marker = 0.5Pm. 
Fig. 7.31 c: Are t in Fig. 
7.31 a at higher magnification 
to show microstructure details. 
B (0011; g020; Marker = 0.30n. 
C 
t , ý,. ; U: i,, w magnification 'I'EM 
micrograph showing areas denoted 
in 7.29 around the indentation 
perforation. Marker = 2LIi. 
1 
1 19 1 
M 1g. --it b Area in Fig. 7.31 a 
under a different operating 
reflection. 
B= [001]; g200; Marker = 0.5W. 
Fig. 7.32: Microstructure 
observed in region B within the 
indentation shown in Fip. 7.29. 
11 --- (112]; giii; Marker 0.5. in. 
r ý. 
"ý ýý;. -. 
1, 
Fig. 7.31 a: Microstructure 
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9ý 
Fig. 7.33 a: Microstructure 
observed in region C within the 
r indentation shown in Fig. 7.29. 
B [1141; gZZO; Marker = 0.5Etm. 
9 
Fig. 7.33 b: Area in Fig. 7.33 a 
above under a different 
operating reflection. 
B= [114]; 9311; Marker = 0.5iim. 
ý 
Fig. 7.33 c: Area in Fig. 7.33 a 1/ 
above under a different 
operating reflection. 
B -_ (1121; 9111; Marker - 0.5"m. 
229 
6` { 
rý 
9 
d 
Fig. 7.34: Schematic diagram 
of annealed indentation in 
F272 to show areas examined 
by TEM. Marker = 10 an. 
Fig. 7.35 a: Microstructure 
observed in region A within 
indentation shown in Fig. 7.34. 
B= [001]; 9200; Marker = 0.51. m. 
Fig. 7.35 b: Area in Fig. 7.35 a 
above under a different 
operating reflection. 
R= [114]; g2fo; Marker = 0.5um. 
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Fig. 7.35 c: Area shown in H'ig. 
7.35 a under a different 
operating reflection. 
B= [011]; glij; Marker = 0.59n. 
9 
Fig. 7.35 e: Area shown in Fig 
7.35 a above under a different 
operating reflection. 
B= [1121; gi5j ; Marker = 0.5lon. 
Fig. 7.35 g: Area shows. i, t , 
7.35 a above under a different 
operating reflection. 
B= [112]; g311; Marker = 0.5Mm 
9 
Fig. 7.35 d: Area shown in Fig. 
7.35 a under a different 
operating reflection. 
B= [011]; gli; Marker -- 0.5. in. 
operating reflection. 
B -= [1141; 9151, Marker 0.5an. 
Fig. 7.; 15 lt: Area slo-7.35 
a above under a diet rent 
operating reflection. 
B [0111; g311; Markur 0.5"M. 
Fig. 7.35 f: Area shown in Fig. 
7.35 a above under a different 
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observed in region B within 
indentation shown in Fig. 7.34. 
B= [011); g200; Marker = 0.5We. 
Fig. 7.36 c: Area shown in Fig. 
7.36 a above under a different 
operating reflection. 
B= [1121; g131; Marker = 0.51. ms. 
Fig. 7.37 a: Microstructure 
observed in region C within 
indentation shown in Fig. 7.34. 
B= [011]; g20o; Marker = 0.5jin. 
operating reflection. 
B= 1011]; 9022; Marker -- 0.5i. m. 
A" 
operating reflection. 
B= [011]; g311; Marker = 0.5/. 0. 
9 
hiy.. t.. iI t,. At,, i;, M1({ 
7.37 a under a different 
operating reflection. 
B= [1121; g220; Marker 0.5lto. 
Fig. 7.36 b: Area shown in Fig. 
7.36 a under a different 
Fig. 7.36 a: Microstructure 
Fig. 7.3 6 d: Area shown in Fig. 
7.36 a above under a different 
232 
Fig. 7.: 37 c: Dark field image 
(g, -g) of area shown in Fig. 
7.37 b. 
B= [112]; g220; Marker = 0.5in 
ig ý' 
_ý ýýý . ý 'ý 
rý ý 
'`"'ý `' ý 
.. 
F'ig. 7.37 e: Area shown in Fig. 
7.37 a above under a different 
operating reflection. 
B= [112); g111; Marker = 0.51. n. 
Fig. 7.: 17 g: Dmrk L wId im. ipi, 
(g, -g) of area shown in Fig. 
7.37 f. 
B= [112]; 8131; Marker = 0.5gm 
operating reflection. 
B= [011]; g111; Marker = 0.51An. 
operating reflection. 
B= [112]; g131; Marker 
1. 
operat ing reflection. 
Rj112I; 9311; Markei O. 5/4n. 
.ý 
Fig. 7.37 c1: Area shown in Fip;. 
7.37 a under a different 
F'ig. 7.: 17 f: At ý, i tihown in F'iý 
7.37 a above under a different 
tl t',. , 
: i, 7 h At ý'fl :, 11()W11 if) Fig. 
7.37 a above under a di ffet ent 
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Fig. 7.39 a: Microstructure 
in region A near the unannealed 
indentation in Fig. 7.38. 
B =- [0131; g200; Marker =1 Ltn. 
9 
Fig. 7.39 b: Microstructure 
in region B near the unannealed 
indentation in Fig. 7.38. 
B= [001]; g2Oo; Marker -1i. i. 
Fig. 7.38: Schematic diagram of 
TEM areas near unannealed (I1) 
and annealed (12) indentations 
within a single grain in F2711. 
Marker = 10 um. 
Fig. 7.40 a: Micrc, ct i uc t ,uc, 
in region A near the annealed 
indentation in Fig. 7.38. 
B= [001]; g200; Marker -1s. n. 
Fig. 7.40 b: Mi<"rOý, I i tit i ;.. , 
in region B near the annealed 
indentat ion in Fig. 7.38. 
B 1()()]], 6200; Marker I den. 
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Fig. 7.39 c: Microstructure 
in region C near the unannealed 
indentation in Fig. 7.38. 
B= (001); g2oo; Marker =1 Lmi. 
Fig. 7.39 d: Microstructure 
in region D near the unannealed 
indentation in Fig. 7.38. 
B= (001); ggoo; Marker =1 iii. 
F tl{. .11 : i: Mic r util i u< lit, 
in region A/B near unannealed 
indentation shown in Fig. 7.38. 
B= [011]; g111; Marker = 0.5i. trn. 
.; 
Fig. 7.40 c: Microstructure 
in region C near the annealed 
indentation in Fig. 7.38. 
B= [001]; g200; Marker =1 /ti. 
Fig. 7.40 d: Microstructure 
in region D near the annealed 
indentation in Fig. 7.38. 
B [001 1; gz00; Marker 1 on. 
in region A/B near annealed 
indentation shown in Fig. 7.38. 
B- [O11]; gzoo; Marker 0.5Lm. 
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I 
hig 7., 11 b: Microstructure 
in region B/C near unannealed 
indentation shown in Fig. 7.38. 
9 10111; gzoo: Marker =0.25min. 
in region C/D near unannealed 
indentation shown in Fig. 7.38. 
B= (001 ]; g200; Marker - 0.5den. 
Fig. 7.41 d: Microstructure 
in region D/A near unannealed 
indentation shown in Fig. 7.38. 
B- [0111 ; g200; Marker = 0.51. an 
Fig. 7.42 b: Microstructurt" 
in region B/C near annealed 
indentation shown in Fig. 7.38. 
B= [011]; gill; Marker ==0.25i. n. 
Vig. 7.42 r: Mic rust ructure 
in region C/D near annealed 
indentation shown in Fig. 7.38. 
B_ [0111; g111: Marker = 0.5w. 
Fig. 7.42 d: Microstructure 
in region D/A near annealed 
indentation shown in Fig. 7.38. 
R- [011 J; giil; Markar - O. 
5/4n. 
Fig. 7.41 c;: Microstructure 
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Fig. 7.43 b: Indentation in Fig 
7.43 a at higher magnification 
with area examined by TEM 
denoted A. Marker = 30 Mu. 
Fig. 7.44 b: Area shown in Fig. 
7.44 a above under a different 
operating reflection. 
R [001]; gZ20; Marker = 0.51. m 
Fig. 7.43 a: Optical micrograph 
of an unannealed indentation in 
F64 fatigued for N=5 x103 at 
Et =16x 10-4. Marker 10014n. 
Fig. 7.44 : a: Microstructure 
in region A within the fatigued 
indentation shown in Fig. 7.43a. 
B -- [0011; go2o; Marker = 0.5{, m. 
N'ig. 7. +l c: Area shown m Fig. 
7.44 a above under a different 
operating reflection. 
A [001]; g220; Marker 0.5sn. 
A 
{ 
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APPENDIX A 
SCHMID FACTOR CALCULATIONS 
If the cyclic stress axis of a crystal makes an angle 'P with the 
normal to the slip plane, and the angle between the axis and the slip 
direction is a (see Fig. A. 1) then the resolved shear stress 
amplitude 'r is given by, 
T=S COS 'COS X 
where s is the cyclic stress amplitude. 
The factor cos 4+ cos )º which is used for converting the cyclic stress 
amplitude to the resolved shear stress amplitude is called the Schmid 
factor. In a crystal of f. c. c. structure there are twelve possible 
slip systems, each of which is a {111} plane combined with a <110> 
direction that lies in it. When a stress is applied to a crystal, the 
Schmid factor will in general be different for the various slip 
systems. The values depend on the orientation of the crystal in 
relation to the cyclic stress axis. 
The Schmid factors for polycrystalline specimens for which the 
direction of the tension-compression axis has been determined (see 
Figs. 5.11 and 5.17) are given in Table A. I. 
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Table A. 1: Schmid Factor Determination for Polycrystalline Specimens 
Slip Plane Slip Direction Schmid Factors for Schmid Factors for 
Tension-compression Tension-compression 
axis in Fig. 5.11 axis in Fig. 5.17 
(111) [011] 0.25 0.29 
(111) [101] 0.49 0.07 
(111) [110] 0.25 0.36 
(111) [011] 0.08 0.48 
(111) [101] 0.16 0.12 
(111) [110] 0.25 0.36 
(111) [011] 0.08 0.48 
(ü 1) [101] 0.16 0.12 
(111) [110] 0.25 0.36 
(111) [011] 0.25 0.29 
(111) [101] 0.49 0.07 
(111) (no] 0.25 0.36 
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Normal to the slip 
plane 
Slip direction 
Fig. A. 1: Resolved shear stress on a slip system. 
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Introduction 
The configurations of dislocations in fatigued metal have been studied in detail in recent years. 
Most of the published work is on face-centred cubic metals, particularly Cu and Ni fatigued at room 
temperature. This work has been reviewed in several papers by Mughrabi (1,2,3) and most recently 
by Laird, Charsley and Mughrabi in the context of low energy dislocation structures (4). A signif- 
icant feature of this work is the formation of a matrix structure at low fatigue amplitudes which 
is replaced, either wholly or partially, by a more compact or 'condensed' dislocation structure at 
larger values of cumulative plastic strain. The condensed structures are typical of stress satur- 
ation. Such structures, in crystals of easy glide orientation, have a direct relationship to the 
persistent slip bands (PSB's) which are seen on the surface. They are seen as 'ladder structures' 
formed from primary dislocation dipoles which are stacked in walls perpendicular to their Burgers 
vectors. In multiple slip orientations a common feature is the formation of walls on 2 sets of 
{l00} planes - the so-called labyrinth structure. 
In some recent work on Ai, fatigued at room temperature, we have been unable to observe any 
features similar to those found in Cu even when the total strain amplitude is as low as c =±4x104 
The literature is also devoid of reports of such structures in the case of Aa, and for thýs reason 
we have investigated Ac fatigued at 77K. We are unable to maintain the specimen temperature at this 
low value during the preparation of thin foils for transmission electron microsopy (TEM), but we 
have made every attempt to maintain as low a temperature as possible at all stages. We have ob- 
served structures similar to all of those outlined above together with a type of dislocation struct- 
ure which has not been reported before in any fatigued metal. 
Experimental Techniques 
The surfaces of 90 uin thick, 99.99% purity polycrystalline Az specimens were prepared by electro- 
polishing using a 35% nitric acid/methanol solution, held at ti -10°C. Discs of 3 mm diameter were 
cut from this material by spark erosion, and were annealed for 1h at 425°C giving a grain dia- 
meter of % 130um The Ac specimens were then fatigued using a technique previously developed in 
which foils are glued with 'Durofix' to a thick Ac alloy beam, which is cycled in reverse-bending 
(5) so that the foil on the surface undergoes fatigue which approximates closely to push-pull. 
Total strain amplitudes in the range 14x10 4 to ±1.4x10 j were used, and specimens were maintained 
at 77K throughout fatigue by directing a get of liquid nitrogen on to them. Acetone cooled with 
liquid nitrogen to a temperature of % -50 C was used to dissolve the glue in order to remove the 
specimens from the beam. The discs were then prepared for TEM by jet thinning using the electro- 
polishing conditions outlined above. To enable the dislocation structures observed to be related 
to surface features, a number of specimens were electropolished from one side only, thus retaining 
the deformed specimen surface as one surface of the foil. Prior to TEM examination using a JEOL 
200 CX microscope operated at 200 kV, specimens were stored in liquid nitrogen to maintain their 
temperature at a low value. A Cambridge Stereoscan 250 scanning electron microscope was used for 
surface observations. 
Results 
Figs I and 2 show examples of two types of dislocation configuration observed after fatigue at 
Et= ±1.4x10 3 for 5000 cycles. In fig, l matrix structure can be seen, consisting of dense irreg- 
uiar regions of dislocation loop patches with narrow irregular channels which have a relatively low 
dislocation density. The second structure, apparent in fig. 2, has regions which approximate to the 
'ladder structure' observed in Cu at room temperature. The dislocations which cross the channels 
of the structure have a single value of the Burgers vector and are close to a screw orientation; the 
walls, which are not completely planar, are approximately normal to the active Burgers vector. 
Near the centre of this micrograph is a region which can be interpreted as uncondensed matrix 
structure. 
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The separation of the walls is ti 2.8 um ie ti four times the wall separation for PSBs in Cu at 
77K (6) and ti twice the separation for Cu fatigued at room temperature (7). 
For values of e between ±8x10-" and ±1.4xl0 3 after a cumulative plastic strain of ti 24, a large 
fraction of thetgrains contained the labyrinth structure based on dislocation walls close to 
{100). A typical example is shown in Fig 3. Unlike the most usual observations of structures 
based on {100} walls in Cu fatigued at room temperature, we have frequently observed large areas 
dominated by a single set of {100} walls in At fatigued at 77K. An example of this feature is 
shown in fig. 4. The observations of Jin and Winter on the room temperature fatigue of Cu 
crystals with a (0011 orientation reveal a similar structure (see Fig l(b), (8)), however in At 
at 77K the dominance of a single set of walls is much more extensive than that reported for Cu. 
In As the separation of the walls in the labyrinth structure is approximately 1.6um, and in the 
single set of {100} walls the separation is 2 1.7µm (ie ti 2.2x the separation observed for sim- 
ilar structures in Cu at room temperature (9). 
Other orientations of dislocation walls have been observed particularly at larger strain ampli 
tudes at 77K, and also in At fatigued at room temperature. These structures will be discussed 
in detail in a later publication. 
An unexpected type of dislocation configuration is shown in fig. 5. This specimen was fatigued 
at L t= -1.4xlO 
3 at 77K for 5000 cycles, and in this case the specimen contained the surface. This structure can be described as a square 'lattice' of dislocation dense regions with side 
parallel to <110> directions and with a 'lattice parameter' ti 1.9 um. A low magnification TEM 
micrograph in fig. 6 shows how extensive this structure can be. A SEM micrograph fig. 7, of a part 
of the area shows a complementary arrangement of circular surface features which are below the 
surrounding surface. 
Tnus the dark contrast in fig. 5 corresponds to thinner regions of the foil and is predominantly 
strain contrast. This contrast corresponds to regions with a high density of dislocations which have burgers vectors parallel to 1101 , (1011, [i i01 and [i 101 in approximately equal numbers. between the circular regions of dark contrast are areas relatively free of dislocations. 
Discussion 
The technique which has been used for studying A;, fatigued at 77K, followed by TEM observations 
involving only short periods of time at room temperature, would appear to provide good evidence for the dislocation structures produced by fatigue at the low temperatures. The fact that some 
important dislocation configurations are present which are closely similar to those observed in 
Cu fatigued at room temperature supports this view. There is expected to be some dislocation 
loss and rearrangement, but there is no a priori reason to believe that this will be greater than 
in other studies of fatigue using TEM, except for the possibility of enhanced dislocation move- 
ment due to climb caused by the condensation of point defects. 
The observations of Ceresara (10) on resistivity changes in Ai fatigued in torsion at 77K show 
that a large decrease in defect density, corresponding to a reduction of % 50% in the fatigue 
inouceb resistivity, occurs on annealing up to 300K. It is likely that a major contribution to 
this resistivity change arises from point defect loss. An examination of the channels between 
regions of high dislocation density in the present work (eg in figs. l and 3) reveals a very 
high density of small loops -a higher density than observed in Cu fatigued at room temperature. 
It is suggested that many of these small loops may be from vacancies formed during fatigue at 
77K which become mobile at a higher temperature. The condensation of point defects may partly 
act to stabilize the large scale dislocation structures by pinning. The dislocation structures 
which we have observed by this technique are not observed when Ai is fatigued at room temperature. 
A more complete discussion of the dislocation microstructures in Ae fatigued at 77K will be pub- 
lished elsewhere. For the present purposes the main aim is to show that the dislocation struct- 
ures observed in fatigued pure A: are very similar to other fcc metals of high stacking fault 
energy providing the fatigue temperature is lowered. In the experiments reported here the fatigue 
temperature was ti 0.08 Tm whereas in the case of Cu fatigued at room temperature the testing 
temperature is % 0.22 Tm, where Tm is the appropriate melting temperature. Measurements made by 
Basinski, Korbel and Basinski on the dislocation microstructure in Cu after fatigue at different 
temperatures suggests that the spacing in the wall structures decreases with decreasing temper- 
ature (6). The results on Ar suggest that the spacing between condensed dislocation structures 
is approximately four times as large as in Cu at equivalent temperatures. 
The lattice type of structure has not been reported in Cu or Ni at the present time. It is 
possible that it would be more unlikely to form in these metals if we take into account the 
observed differences in spacing of the dislocation structures and suppose that the dislocation 
clusters themselves would remain relatively constant in size. If the clusters begin to overlap the structure would be expected to be unstable. 
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Figs. 1 to 6 are TEM micrographs of dislocation configurations in polycrystalline Al fatigued 
at 77K at a constant total strain amplitude of ±1.4.10 Figs. 1 and 2 show matrix and 
PSB ladder structure. Fig. 3 shows a well-defined {1001 labyrinth wall structure and fig. 4 
a region containing a single set of {100; walls. Figs. 5 and 6 show the lattice-type arrange- 
ment. 
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The occurrence of the lattice type structure would appear to depend on the presence of significant 
numbers of dislocations with 4 distinct Burgers vectors, whereas the labyrinth structure can be 
formed with only 2. It seems likely that a tensile axis with an orientation very close to 0001 
is required. The observed surface structure can be understood as the result of an extrusion pro- 
cess in which the regions surrounding the clusters are relatively soft. Thus a square lattice 
of approximately circular depressions is observed on the surface. A similar, but less well defin- 
ed, surface structure has been reported for At fatigued at room temperature at low strain by 
King and Teer, and by Forsyth (11,12). It is not clear, at the present, whether a regular 
arrangement of circular depressions (as in Fig 7) is formed in Al when fatigued at room temper- 
ature. 
It is not possible to determine whether the approximately circular patches of dislocations 
cc, rrespond to spherical or cylindrical groupings. In either case the regular arrangement on a 
lattice strongly suggests that a low energy dislocation configuration is formed in which a re- 
pulsive interaction between the c-lusters plays a prominent role. 
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TEM of dislocation structures in Al fatigued at 77 K 
P. Charsley and L. J. Harris 
Department of Physics, University of Surrey, Guildford, England 
Abstract 
High purity Al has been fatigued at 77K and precautions taken to reduce 
subsequent ageing to a minimum. Under these conditions dislocation 
structures, not seen after room temperature fatigue, are observed similar 
to those seen in Cu and Ni fatigued at room temperature. In addition a 
new 'lattice-type' configuration is observed. The scale of the structures 
are about 4 times larger than those observed in Cu at 77K. 
Introduction 
Extensive TEM studies on several fcc metals and alloys fatigued at room 
temperature have revealed a consistent pattern of dislocation 
arrangements. These highly reproducible configurations depend upon 
orientation, amplitude and stacking fault energy and have recently been 
summarized in an extensive review (Laird et al 1986). For medium to high 
values of stacking fault energy, at moderate or low fatigue strain 
amplitudes, an increase in the number of cycles results successively in 
the formation of a matrix structure, a persistent slip band (PSB) ladder 
structure or, where there is multiple slip near (001], a labyrinth or maze 
structure. These structures are built up from edge dislocation dipoles, 
either loosely, in the case of the matrix structure or tightly packed, 
parallel to well-defined planes, in the case of the ladder or labyrinth 
structures. 
Pure Al fatigued at room temperature shows none of these well-developed 
structures, only an irregular cell structure is formed. Because this 
might result from the fatigue testing temperature being relatively high in 
comparison with the melting temperature it is important to attempt to 
study dislocation configurations in Al at temperatures much lower than 
room temperature. Liquid nitrogen temperature is ideal for this purpose 
since the ratio T/Tm of the fatigue test temperature (T) to the melting 
temperature (Tm) is 0.08 for Al at 77K. For Cu and Ni at room temperature 
the ratios are 0.22 and 0.17 respectively. To reduce recovery effects we 
have designed the experimental work so that the fatigued Ai has a very 
small ageing time at temperatures above 77K. 
Experimental Techniques 
Polycrystalline, annealed Ai specimens were fatigued in the form of 3 mm 
© 1987 IOP Publishing Ltd 
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discs of 90 µm thickness so that they could very rapidly be thinned by jet 
polishing for TEM. The fatigue cyclic straining was accomplished by 
cementing the discs onto a3 mm thick hardened Ai alloy beam which was 
cycled in reversed bending. The discs being very thin and attached to the 
surface of the beam underwent cyclic strain which was to a good 
approximation tension-compression between constant total strain limits 
(Et). Cyclic straining was carried out under a flow of liquid nitrogen. 
After a given number of cycles (N) the glue was dissolved in a solvent at 
-- 50C and then TEM specimens were prepared by jet thinning using an 
electrolyte at -- IOC. The specimens were exmined in a 200 CX 
microscope operated at 200 KV. At all other times specimens were stored 
in liquid nitrogen. 
Experimental Results & Discussion 
A matrix structure very similar to that seen in Cu fatigued at room 
temperature was found in many grains examined for amplitudes between 
t 4.10-4 and 1.4.10-3, Figure 1. When compared with Cu the 'clear 
regions' in Al, between the dipole clusters contain many more small loops 
and the volume occupied by the dense clusters is a smaller fraction of the 
whole. Some of the loops may be a result of point defect condensation 
since the high mobility of point defects produced in Al fatigued at 78K 
and isochronally annealed up to room temperature has been established by 
Ceresara (1969). In some other grains structures which were similar to 
the PSB ladder structures were observed, Figure 2. In this area a 
significant number of non primary dislocations are in the channels; in the 
centre of the micrograph is a remnant of the original matrix structure. 
5 Mwn:.. .., 
Fig. 1. Al fatigued at 77K. Fig. 2. Et =±i. 4.10-' 
et =±1.4.10-3 11 = 5.10' N=5.103 
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It is probable that the relatively ill-defined fragmented ladder structure 
is due to a greater amount of secondary slip compared with Cu oriented for 
single slip. We have observed similar behaviour in Cu fatigued at room 
temperature near surface indentations (Abdur-Razzaq and Charsley, un 
published) where secondary slip is enhanced. In the case of A2 the wall 
separation (- 2.8µm) is about four times the wall separation in Cu 
fatigued at the same temperature (Basinski et al 1980). 
In many of the grains large areas were seen of well-defined walls, on a 
single set of {100} planes, as shown in Figure 3. However, in many 
regions of this micrograph there is a strong tendency for an individual 
wall to become split and, at the top of the micrograph a partly formed 
labyrinth can be seen. Figure 4 shows a part of Figure 3 at higher 
magnification, the splitting of walls can be seen clearly. Again there is 
a high density of loops in the channels and screw dislocations cross 
between the walls. The contrast on either side of some of these 
dislocations shows that screw dislocations with Burger's vectors of 
opposite sign are present within the same channel moving in opposite 
directions. The screw dislocations are expected to carry the major part 
of the fatigue plastic strain. Insofar as the high loop density is 
representative of the as-fatigued material it is to be expected that there 
will be a large frictional stress opposing the movement of the screws. 
Again the wall separation is much larger than in Cu but a determination of 
{100} wall separation for Cu fatigued at this temperature has not been 
made. 
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Fig. 3. Et =t1.4.10-3" Fig. 4. Part of Figure 3 
N=5.103 at higher magnification 
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In Figure 5 is shown a region of an extensive array of approximately 
circular dislocation clusters. This 'lattice-type' of dislocation 
configuration, aligned accurately along <110> directions, has not been 
reported for any other fatigued fcc metals. The dislocations in the 
channels would appear to be readily mobile and correspond to surface 
extrusions (observed in SEM) which are aligned along these directions. In 
the regions of the clusters at least 4 different Burger's vectors are 
found. 
Fig. 5. et =t1.4.10-3. N=5.103 
In conclusion there are many similarities between dislocation 
configurations in Ai fatigued at 77K and in Cu fatigued at room 
temperature or at lower temperatures. There are however, many differences 
in detail and in the sizes of the structures some of which can be related 
to the ease of secondary slip and differences in the stacking fault 
energy. 
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TEMM of dislocation structure near regions of surface damage in Al 
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1. Introduction 
Previous work on copper fatigued in reverse bending has shown that 
persistent slip bands (PSBs) form much earlier near regions of surface 
damage (indentations) than for regions well away from indentations 
(Charsley, Puttick and White 1981, White 1984). The observed PSB 
distribution cannot be explained by surface topography changes or by 
residual stresses due to the indent, however it may be attributed to the 
dislocation arrangements produced by indenting (Charsley and White 1985). 
The work on copper was confined to surface studies of PSB formation. In 
order to examine the associated dislocation structures work has begun on 
aluminium, and preliminary observations of the microstructure near indents 
which have not been fatigued are presented here. The main experimental 
difficulties are the production of TEN specimens which enable the 
dislocation structure to be studied at known and various positions near 
indents. 
2. Experimental 
The surfaces of polycrystalline aluminium of 99.99% purity (90 um thick) 
and a single crystal of high purity aluminium (2 mm thick) grown by the 
Bridgeman technique, were prepared by mechanical polishing and electro- 
Polishing in a nitric acid/methanol solution. The orientation of the 
single crystal was ^- 5° from [013] and had a shape shown in Fig. la which 
provided a region of uniform surface cyclic strain during reverse bending, 
suitable for the study of PSB formation near indents. After annealing for 
1 hr at 425°C, a diamond pyramid indenter was used to produce indents of 
diagonal lengths (d) 56 .m (30 gm load) and 36 ;. m (10 gm load), in the 
single crystal and polycrystalline specimens respectively. Before cutting 
discs around these indents by spark erosion, a section was spark eroded 
from the indented region in the single crystal and its thickness was 
reduced to -0.2 mm by mechanically polishing the non-indented side. 
Discs were prepared for TEN by jet thinning from the non-indented side 
only. This generally gave rise to a perforation which covered the major 
part of the indent, but enabled the dislocation structure in the resulting 
thin areas to be related to the indent edges by using appropriate low 
magnifications. Specimens were examined using a 200 CX microscope 
operated at 200 kV using both bright field and weak beam techniques. 
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3. Results, 
An example of the PSR distribution near an indont in the fatigued single 
crystal is shown in Fig. 2. PSI1 have not nucleated within the pit or 
directly at its edges. The distance from the indent centre to the cloge t 
PSBs is d (i. e. ' 60 ]im): a second group of PSRs has formed at 2.1d 
(i. e. " 120 um). The dislocation structure around no indent within a 
single grain in polycrystalline material has been studied at the following 
distances from the indent centre, 0.5d (i. e. at the edge of the indent. ), 
1.2d, 2.3d and 3.3d (see Fig. lb). In the single crystal material the 
dislocation structure has been studied at 0.3d only. 
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Fig. 3 Bright field image of 
dislocation structure at A 
(polycrystal). 
At both 3.3d (Fig. 3) and 2.3d(Fig. 4) the dislocation arrangement consists 
of loose tangles of dislocations with areas of low dislocation density 
between the tangles, however the number of dislocations present in the 
tangles appears higher at 2.3d. At 1.2d (Fig. 5) dislocation tangles are 
again evident but the density of dislocations is much higher than at 3.3d 
and 2.3d mainly because the dislocation free areas are very much smaller. 
Examination of micrographs taken using different operating reflections (g) 
show that in all three areas dislocations with at least 4 Burgers vectors 
(b =± [110], b=± 11101, b=± (011] or ± [011] and b=± (1011 or 
± [101]) are present. The majority (; 75%) of dislocations at 3.3d have 
Burgers vectors b=1 11101 with the vertical grouping of dislocations 
(indicated by the arrow) mainly of this type, and those approximately 
parallel to 11101 mainly with b=+ 0111 or + I011l. At 2.3d the majority 
Fig. 2 Optical micrograph of PSßs 
developed near an indent in a 
fatigued Al single crystal. The 
direction t is the specimen axis. 
Fig. 1(a) Shape and dimensions of 
the single crystal. (b) Positions 
of areas at 3.3d(A), 2.3d(B), 1.2d 
(C) and 0.5d(D) relative to the 
indent in the polycrystalline 
material. 
Fig. 4 Bright field image of 
dislocation structure at B 
(polycryctal). 
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(% 70%, ) of dislocations which are approximately parallel to [110] have 
Burgers vectors b=t [110]; in the arrowed vertical grouping approximately 
70% have Burgers vectors b=t [110]. Slip traces parallel to [110] and 
[110] indicating that movement of dislocations has occurred are apparent 
both at 3.3d and 2.3d. At 1.2d the majority (1.80%) of dislocations have 
Burgers vectors b= [110] or *- [110] and there is some grouping of 
dislocations along the directions indicated by the arrows. At the corner 
of the indent (0.5d) an elongated cell structure lying approximately 
parallel to [110] is apparent (Fig. 6). Dislocations present in this area 
have the following Burgers vectors: b=t [110]; b=t [101]; b=t [110] 
or !. [101] and b=t [011] or t [011]. 
Cell structures are also formed at 0.5d in the single crystal (Figs. 7& 8). 
The cells are elongated and are of variable size. Typically the cell 
width is 1 0.5 um. Comparison of images taken using different values of g 
showed that the cell walls were made up of a number of different 
Burgers vectors. At E in Fig. 7 dislocations present have Burgers vectors 
b=t (011). 
@=[01 11 _. 
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Fig. 7 Bright field image of 
dislocation structure at the corner 
of the indent in single crystal 
material. 
Fig. 6 Bright field image of 
dislocation structure at the corner 
of the indent (D) in polycrystalline 
material. 
Fig. 8 Weak beam dark field image of 
part of the area in Fig. 7. 
Generally the areas between the cell walls are relatively free of 
dislocations. Misorientation between the cells is indicated by the change 
in contrast across the cell walls. The presence of internal stress is 
indicated by these misoriented cells and by the point that dislocation 
walls appear curved. The absence of slip traces at 0.5d is an indication 
that dislocations cannot readily move in these areas. 
Fig. 5 Bright field image of 
dislocation structure at C 
(polycrystal). 
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4. Conclusion 
The results presented show the following: 
(i) The dislocation structure in areas near an unannealed indent where 
PSBs are observed to form during fatigue in reverse bending, 
appears to consist of dislocation tangles, the density of 
dislocations decreases with distance from the indent centre. 
(ii) Near the edge of an unannealed indent where no PSBs are observed 
to form during fatigue testing, the dislocation arrangement 
consists of cell structures, and evidence of internal stress is 
apparent. 
5. Acknowledgements 
The authors would like to acknowledge financial support by the Ministry 
of Defence (R. A. E., Farnborough). 
6. References 
Charsley P. and White J. D. M 1985, Proc. 7th 1nt. Conf. on Strength of 
Metals and Alloys, Ed. H. J McQueen, J. P Bailon, J. 1 Dickson, J. J Jonas, 
M. G Akben, 1483. 
Chareley P, Puttick K. E and White J. D. M 1981, Scripts Met. 15 1201-1204. 
White J. D. M 1984, Ph. D Thesis, University of Surrey. 
